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THE VALUE OF WATER TRANSPORTATION 
By Rufus W. PUTNAM, M. Am. Soc. C. E. 


SYNOPSIS 


The completion, within the past decade, of the slack-water improvement of 
the Ohio River, the connecting of the Great Lakes to the Mississippi River 
via the Illinois Waterway, and the near completion of the Lower Missouri and 
Upper Mississippi projects give rise to a series of questions for which ap- 
proximate answers might be found. When this 3 500-mile system of trunk 
inland waterways is completed what will have been the cost to the public of 
these facilities for commerce and what will be a fair approximation of the 
annual fixed charges and of maintenance and operation costs? To what extent 
and in what manner has this business of water transportation developed? How 
much traffic will have to be developed in order to reimburse the public treasury 
for the expenditures made? 

These and other questions of like application the writer endeavors to answer 
in an effort to satisfy his own mind as to whether there is any value to water 
transportation. 


HIsTORICAL 


The regional plan of the Mississippi Valley, as it is known to-day, is the 
direct result of the necessity of using its rivers to transport persons and goods 
during the early period of exploration and development. Access to the great 
domains which the early explorer claimed in the name of his sovereign, was had 
by way of the national water routes then existing; while the development of 
that rich territory was almost entirely dependent upon the use of these routes 
by the traders. Thus, water transportation had an early and continuing 
influence upon the political and economic growth of a large portion of the area 
lying between the Allegheny and the Rocky Mountains. 

Before the introduction of the steam engine as a means of propelling vessels, 
the rivers of the Middle West were navigated first by canoe, and, later, by 
keel boats, flat boats, and a few sailing vessels. The commerce of these early 
days was largely a down-stream movement because, with the keel boats and 
the flat boats, down-stream movements were made with the current and up- 
stream journeys by man power. Cargoes were shipped from Pittsburgh, Pa., 
for instance, to New Orleans, La., and there the boats were taken apart and 
sold for what they would bring as lumber. Sailing vessels never were a success 
for river navigation in those early days because the channels Were not buoyed 
or otherwise marked, and groundings and more serious disasters were too 
frequent to warrant any extended use of this type of vessel. é; 

A few years after the introduction of steam as a means of propulsion (about 
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1810) the boats in use soon reached a degree of efficiency and reliability that 
permitted their being operated economically for up-stream as well as for down- 
stream traffic. The river settlements then began to increase in number and 
size; trade between various parts of the Mississippi Valley and the Gulf thrived; 
and New Orleans became the focal point of most of the domestic and foreign 
trade of the Middle West. By 1860, for example, there were about 3 600 
arrivals and departures of river “packets” each year at that port, with more 
than 750 vessels of that type in commission on the Mississippi and Ohio Rivers. 

While water transportation was thus in its prime and had already determined 
the plan of development of the Mississippi Valley, rail transportation was still in 
its infancy. This new method of transportation found the framework of the 
economic structure of the country fairly well outlined when it became strong 
enough to become effective; it is only natural, therefore, to find that the first 
railroads were initially feeders to river ports as well as to seaports. As a 
result, the river communities received a further impetus in their development 
which was reflected in increased commerce on the rivers and also in greater 
- stability of the regional plan for the interior, based on the rivers themselves. 

When the rail lines between the Middle West and the Atlantic seaboard were 
completed traffic which formerly was routed by river to New Orleans and thence 
by vessel to export trade and to Eastern ports was diverted from the river 
routes to the direct rail routes to the East, and what began as a battle between 
two groups of ports resulted in serious injury to water transportation in the 
interior. Shortly thereafter came the completion of rail lines located parallel 
to the river lines; the latter being faced with a competition that they could not 
meet, and their general demise was then only a matter of time. 

During the greater part of this period of thriving river traffic, the physical 
improvements to the inland water routes of the Valley were limited to projects 
for canal construction, undertaken by some of the States, with some Federal 
~ assistance, and some canals built by private undertaking. The main arteries 
of commerce, the rivers, were left as Nature madethem. Many sections of the 
rivers, therefore, were impassable during low water; channels were unmarked; 
and snags were a constant menace. Apparently, it was not until after rail 
transportation had gained the upper hand in the struggle for carrying the 
commerce of the Mississippi Valley that a sincere effort to avoid the inevitable 
was made on the part of interests which had considerable investment at stake. 
It is somewhat significant that the first comprehensive undertakings for the 
improvement of the major inland water routes were not begun until the decade 
of 1870 to 1880, when projects for the betterment of navigation conditions on 
the Mississippi, Missouri, and Ohio Rivers were adopted by the Congress of the 
United States. 

Even had they been promptly and effectively carried to completion, these 
improvement programs were begun too late to save the “‘packet” system of 
river transportation. Outmoded and obsolete, it had no place in the modern 
system of moving goods and passengers, and was due for death regardless of 
what might have been done to prolong its life. Nevertheless, although this 
particular method of transportation became practically extinct, there must have 
been something of the nature of John Brown in it for “its soul went marching 
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on.” Generations of men had made their living on the rivers, or were in some 
other ways directly dependent upon them; and they not only preserved the 
faith but they were determined that, somehow or other, river transportation 
would be returned to them if only the program of extensive improvement of 
navigation conditions could be completed. In this manner the river projects, 
launched well after the decline in the ‘‘packet” business had begun, were 
intermittently promoted until a new impetus came along and provided enough 
additional energy to bring them to their present state of near completion. 

Navigation interests desirous of securing improvements on the Mississippi 
and Missouri Rivers were aided greatly in their efforts to obtain Federal 
appropriations for river works by two influences only partly related to water 
transportation. The great damages resulting from floods focused national 
attention on the general improvement of these streams from an entirely different 
angle, and, in addition, there was a desire to stabilize the banks which were 
quite subject to erosion during even intermediate and low-water stages. The 
alliance of the three interests involved in the control of these rivers has proved 
sufficient in recent years to insure the prompt execution and early completion 
of a program designed to serve them all. 

The betterment to navigation conditions which has resulted from these 
programs of improvement to the rivers in the Mississippi Valley has permitted 
an efficient development of methods of water transportation which are entirely 
different from those of the packet-boat days. Passenger traffic (except for 
the excursion variety) has disappeared entirely. Freight traffic, which is now 
greater in volume and value than it was during the days when water transpor- 
tation was the chief reliance of the commercial interests of the Mississippi 
Valley, is handled almost exclusively in large tows consisting of a number of 
barges adapted to carry the particular commodities which they are engaged in 
transporting, and pushed by towboats of ample power to handle up-stream as 
well as down-stream traffic. Naval architecture and marine engineering have 
made great progress with respect to the design of equipment suited to the — 
various requirements of the water-transportation service. It is quite evident, 
therefore, that in treating the subject of present-day inland-water transpor- 
tation in the Mississippi Valley one is dealing with facilities and equipment 
wholly different from those in use when the basis for the commercial and 
industrial framework of the interior was laid during the first half of the Nine- 
teenth Century. : 


ExistING WATER-TRANSPORTATION FACILITIES 


Routes.—Of the 15 000 miles of rivers in the Mississippi Valley, said to be 
susceptible of improvement, only the main north and south and east and west — 
arteries are under consideration in this paper. These arteries include the 
Mississippi River below Minneapolis, Minn., the Illinois Waterway from 
Chicago, Ill., to the Mississippi; the Ohio River; and the Missouri River below 
Kansas City. These comprise about 3 500 miles of completed or projected 
9-ft channels. It is believed that all the more important factors involved in the 
problems affecting inland water transportation will be developed by thus 
limiting the scope of discussion. Improvements and operations on the tribu- : 
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taries are not sufficiently different from those on the main routes to justify their 
inclusion. A notable exception is to be found in the case of the improvement of 
the Tennessee River System by the Tennessee Valley Authority, but the basis 
of that project, as it is now (1937) being undertaken, is so fundamentally 
different that it is in an entirely separate category from that into which the 
projects herein described naturally fall. 

The total expenditures chargeable to capital improvements for navigation 
on these main routes amounts roughly to about $550 000 000 to date (1937); 
and it appears that approximately $100 000 000 will be required to pay for the 
works necessary to complete these projects. The cost of maintenance and 
operation has been estimated to amount to $10 000 000 per yr. 

Terminals—With the exception of the Great Lakes cities of Milwaukee, 
Wis., Detroit, Mich., Toledo, Ohio, Cleveland, Ohio, Buffalo, N. Y., and the 
inland City of Indianapolis, Ind., all the great cities of the Middle West are 
situated on this trunk system of inland waterways. As a result extensive 
facilities have been provided at many places of importance for the transfer and 
storage of freight handled over these navigation routes. Pittsburgh has 
extensive equipment for unloading coal from the Monongahela River; its steel 
mills have ample arrangements for loading steel on to barges destined for points 
on the Lower Ohio and Mississippi Rivers. Coal-loading points have been 
established at Colona, Pa., Huntington, W. Va., and Ashland, Ky., on the 
Ohio River, and terminals for the receipt of water-borne coal have been 
provided at Cincinnati, Ohio, Louisville, Ky., and Evansville, Ind. Facilities 
for handling steel, pipe, petroleum products, building materials, and miscel- 
laneous cargo are available at some of the aforementioned points, as well as at 
Paducah, Ky., and at Cairo, IIl. 

On the Lower Mississippi River, equipment is available at all the river cities 
of importance for the handling of water-borne commerce of all kinds including, 
in addition to those mentioned, cotton, sugar, sisal, bauxite, bulk cement, 
molasses, and grain. On the Illinois Waterway System, only recently com- 
pleted, facilities are available for the loading of grain at many points, of 
miscellaneous cargo at Peoria, Il]., and at Chicago, Ill., and of coal at Havana, 
Ill. On the Upper Mississippi River municipal terminals have been provided 
at Davenport, Iowa, Rock Island, Hl., Dubuque, Iowa, and St. Paul and 
Minneapolis, Minn.; and Kansas City has recently provided itself with terminal 
equipment to serve the barges navigating the Lower Missouri River. 

Substantial investments have been made at all these terminal points and at 
many others. The writer has no knowledge of any cumulative estimate of the 
cost of all these facilities; the mere recital of them should be sufficient, however, 
to give an indication of the comparative magnitude of some of the elements of 
the subject under consideration. 

Transport Equipment.—A study of the latest published Government report 
on the subject shows that the commercial fleet in active operation during 
1935, on the main inland water routes under consideration in this paper, con- 
sisted of about 540 towboats and 2 340 barges. The aggregate installed horse- 
power in the towboats approximated 176 000; the carrying capacity of -the 
barges totaled about 1 600 000 tons. Details as to size and type of towboats 
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appear in Table 1. The replacement cost of this fleet (allowing $200 per 1 hp 
for towboats and $20 per ton for barges) approximates $67 000000. More 
than 1 700 of the barges are built of steel. 


TABLE 1.—CLassiFICATION oF Tow1nG EquipMENT, Mississipp1 WATERWAYS 


STram Motor 
Steel Hull Wood Hull Steel Hull Wood Hull 
Size f ? : 
(indicated horse power) Indicated Indicated Indicated Indicated 
Horse Power Horse Power Horse Power Horse Power 
No. |———_ No. | -————_ No. | —_ No. 
Aver- Aver- Aver- Aver- 
Total age Total age Total age Total age 
More than 2 500....... 2} 5400 /2700)].... 1 |} 2600 | 2600 
2 000-2 499....... 9 |18 785 | 2 087}.... an tee 
1 500-1 999....... 9 |15 600 | 1733 2 2500 PY 600} fe Sor Ake hatte tAleeetes 
1 000-1 499....... 10 |12 070 | 1 207 2} 2400 | 1 200 6 | 6 360 | 1060}].... 
500-999........ 52 |36 620 705| 17 |10 445 614 8 | 5325 GBS | ins. ch oe ee ast 
300-499........ 19 | 7 245 381] 29 |10 760 371] 10 | 3670 Rea Gi Sroean (Peep) uve 
200-299. ....50. 7] 1470 210] 24) 5820 242/ 15 | 3440 229 7| 1895 | 271 
100-199........ 9| 1300 144] 28) 3825 137 | 29 | 3715 163] 42] 5425] 129 
Less than 100........ 1 95 95] 13 880 68} 20 | 1230 62 | 169 | 7 850 46 
POG ALS; Sort ardu they ake 6 ba 118 |98 775 837 | 114 |35 630 311 | 89 |26 340 296 | 218 |15 170 70 


In 1935, there were twelve operators, each having in active service one or 
more towboats with a total of at least 2 000 hp and barge fleets of 10 000 tons or 
greater carrying capacity. These operators had 87 towboats with an aggregate 
installed horse-power of about 85000 and 937 barges with a total carrying 
capacity of 911000 tons. About one-half the total equipment in active service 
was thus operated by twelve major transportation companies. The towboats 
in use by these companies had propulsion equipment averaging almost 1 000 hp 
and the barges in use averaged nearly 1 000 tons in carrying capacity. It is 
appropriate, therefore, to assume the use of units of these sizes, or greater, in a 
study of modern inland waterway transportation costs. 

As with other methods of transportation the cargo carriers are adapted to 
the kinds of commodities carried. Barges for carrying coal have been largely 
standardized, and are built to dimensions best suited for easy passage through 
the locks on the waterways they are required to traverse. These are open top 
barges and are suitable for the transportation of any other type of dry bulk 
cargo which does not have to be protected from the elements. Sand, gravel, 
and crushed stone are usually carried on deck barges, to permit draining if wet, 
and also because the greater weight per unit of volume of this class of material 
results in the requirement of less cargo space to obtain project draft. Special 
tankers have been developed for the transportation of liquids of different kinds, 
although in some cases liquid cargo is carried in side and bottom tanks built 
into barges primarily designed for carrying miscellaneous cargo. 

One of the barge lines which transports more miscellaneous cargo on inland 
rivers than any other operator has been prominent in the development of the 
modern type of barge for the transportation of freight of that character. These 
barges have been standardized in two sizes. For operations on the Lower 
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Mississippi River, where a full 9-ft channel is available, barges designed to 
carry 2000 tons are used extensively. (Hach barge carries 2000 tons of 
freight with a draft of 8 ft. The average running time for a tow, including all 
stops, is 8 days from St. Louis to New Orleans, and 15 days on the return trip.) 
The hull of the barge may be used for grain or for miscellaneous cargo; the 
cargo house which is built on top of the hull is also used for package freight of 
various kinds. Hatches and side doors have been standardized as to dimensions 
and as to spacing, and correspond closely with the door spacing at the terminals. 
Barges in this trade on the Upper Mississippi River and into Chicago (where 
vertical clearances are controlling) are similar in design, but built on a smaller 
scale. 

Self-propelled barges are somewhat rare on the Mississippi System of 
waterways; quite contrary to practice on the canals and other waterways in the 
East. One barge line had three in service as express boats for several years, 
operating between St. Louis and New Orleans. They were self-contained 
units carrying about 1600 tons of high-class freight on a draft of 7 ft. 
Although they made fast time in navigating, too much time was lost at the 
terminals, with the result that they were taken out of service in 1935. 

Traffic—Without going into details it should be sufficient for the purposes 
of this paper to state that the traffic carried on each component of this main 
system of inland, waterways has been much greater in recent years than during 
the period when water transportation was the only means of transporting large 
quantities of freight over long distances. Furthermore, there has been 
substantial growth of traffic since the projects for the improvement of these 
routes have been nearing completion. Excluding the traffic on the tributaries, 
the total water-borne commerce on this system in 1915 approximated 15 000 000 
tons; it now (1937) totals about 30 000 000 tons per yr. A large proportion of 
this movement is over a comparatively short haul and is composed of coal and 
building material on the Ohio River. The average haul has been gradually 
increasing, but whether this will continue is problematical, as an important 
factor in this tendency has been the rapid development of long-distance traffic, 
during the past 10 to 15 yr, over the Mississippi River routes. 


WATER-TRANSPORTATION Costs 


There has been sufficient experience with reference to the cost of constructing 
and operating water-transportation equipment since about 1920 to make it 
possible to reduce this experience to useful data for those interested in the 
subject. 

Equipment Costs—Although there appears to be a wide variety in costs of 
towboats this is due largely to differences in size or class of operating machinery. 
The more modern type of steam towboats will be found to vary in cost, roughly, 
as follows: 


Vad agen st sanlecled bowepenss 
FOO GAROCD Myiolnkny hous \kdionn Romani 250 
AGO PLS uOOOwe Gees WWD. dust er ae 225 


GOO! Fora OOO ME wot aire hileathes ket © adigee tees 200 
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Towboats using Diesel engines are usually slightly higher in cost. The 
foregoing data apply to installations with direct drive; if electrical drive is 


provided, the costs are higher. There is also a wide range in the costs of 


barges, but they may be grouped, roughly, as follows: 


in dollars, 

Oe hts ‘inlel eben copaaty 
Hopper'typeh 0 ck ere he etn ieee 15 to 20 
Deck bates ye hehe. aes oor ens ce ree 18 to 25 
Packave freighters im a. oh 0 anon es 30 to 40 


Fixed Charges—An approximate idea of the fixed charges which are usually 
applied to barge operations may be gained by reference to Table 2. 


TABLE 2.—Frxep CHARGES IN BARGE OPERATION, AS PERCENTAGES OF THE 
Tota Cost 


BARGES 
Description T8wboats 
Bulkers Package freighters 
Interests. oe. cg tie es ccc vous es ceeees 6 6 6 
Depreciation: 62.6 css «Henle are pre ses 5 6 4 
PPSMPANCE ees ane che caro re oceye te uarensieaeieaie. = 3 2 2 
AROSE Sa icrea ee pe cles ae Reheat 2 2 : 
ATINUAL GVETRAUL ores sete alioenneil 2 2 2 
Total fixed charge*e).i = ..cmeeex eet 18 18 16 


* Percentages of total cost. 


Operating Costs.—Such costs include the items of wages, food, fuel, lubrica- 
tion, repairs to towboats, repairs to barges, superintendence, and miscellaneous. 

The wage item depends upon the size of the crew employed and also the 
locality in which the operations are conducted. One barge line pays an average 
of about $3 per man per day. Its operations extend throughout the entire 
stretch of the Mississippi River below St. Paul, and the crews on the towboats 
vary in number between 20 and 30 men. In the Pittsburgh District wages have 
averaged as high as $6 per man per day. The operators in that vicinity, 
however, have been able to use fewer men in the crews (normally, about twenty 
men on a towboat with a capacity of 1500 ihp). Rates on the Upper Illinois 
River vary between $4 and $5 per man per day, and the crews more nearly 
correspond in number with those in the Pittsburgh District. 

Subsistence costs vary between $0.55 per man per day for the barge line 
mentioned to as high as $1.10 per man per day in the Chicago District. Pitts- 
burgh rates are in the vicinity of $0.75 per man per day. These rates depend 
upon the number of men employed and upon the availability of good markets. 

Fuel costs vary in different parts of the country. In the Pittsburgh 
District coal is generally cheaper than fuel oil, whereas on the Mississippi and 
Illinois Rivers fuel oil has the advantage. Fuel oil requirements are best 
expressed in ton-miles of cargo transported per barrel of fuel. For steam 
towboats this factor averages about 2600 ton-miles per bbl of fuel for oil- 
burning steamers and about 4 800 ton-miles per bbl of fuel for Diesel engines. 


i 
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These performance data apply to operations in still water where ample depths 
are available. ; 

Lubricating costs for steam towboats average approximately 3 mills per ihp 
for each full day of service. For towboats equipped with Diesel engines the 
cost of lubrication is about 8 mills per ihp per day for a two-cycle engine and 
about 4 mills per ihp per day for afour-cycle engine. These values are based on 
the use of a centrifuge for cleaning the oil and a price of $0.60 per gal. 

Part of the total cost of repairs to towboats is included as a fixed charge 
under the caption, ‘‘Annual Overhaul.’ In addition, repairs throughout the 
season for steam towboats cost on an average of $0.03 per ihp per day and, in the 
case of Diesel engine installation, this cost is about $0.04 per ihp per day. 

The cost of repairs to barges depends largely upon the service for which they 
are used. If used for handling bulk cargo, which is unloaded by heavy ma- 
chinery, the total annual costs are comparatively higher than in the case of 
package-freight barges on which lighter materials are unloaded by hand. These 
two services represent the extremes, and repair costs will be found to vary, 
therefore, between 1% and 5% of the first cost of the barges. 

Costs of superintendence vary with the character of service and the territory 
covered. A check of the various operations indicates that this item will amount 


annually to from 1% to 2% of the cost of the fleet. Miscellaneous charges 


include deck supplies, laundry, waste, and other small items and are found 
equal to $0.01 per ihp per day of service. 

Performance.—A study of performance statistics of a large number of steam 
towboat operations on the Mississippi River gives the ton-miles per horse- 
power-hour, up stream, as 10; and down stream, 17. These values will be 
found to vary with the project depth and with the quantity of free water under 


the barges. If the barges are “hugging” the bottom, there is considerable 


drag, which is reflected in decreased speed for the same fuel consumption. 
For instance, in still water, performance factors would vary with the depth of 
water under the barges, as follows: 


Depth of water under Performance, in ton-miles 
the barges, in feet per horse-power-hour 
Sa te Peatea Reeth hs Race aeRO ct ah oes 15 
Dear ret Os Mia ENE A 5 sor BE. Sean Lave shot 5 Footie 12 


Transportation Costs Consolidated.—Table 3 contains the estimate of costs 
for the several items involved in connection with the operation of a typical tow 
of 5000 tons propelled at the average rate of 54 miles per hr in still water. 
Costs are estimated for different load factors applying to the propelling units 
and also for several load factors applying to conditions under which barges 
might be utilized. Table 4 gives the cost of transportation for self-propelled 
barges of three different sizes and under varying conditions as to load factor. 
The costs for the 1 600-ton unit were compiled from records of actual operations; 
those for the 2 400 and 3 200-ton units were computed for purposes of comparison. 

Representative values have been used for unit costs of fuel and lubricating 
oil, and for wages and subsistence, and a suitable allowance has been made 
wherever necessary to correct for partial use of equipment. Referring to 
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TABLE 3.—Costs or WaTER TRANSPORTATION BY STEAM Tows 


(Capacity, 5 000 tons; 1 500 indicated horse power; and speed of 5.5 miles per 
hour in still water) 


ANNUAL Cost, IN THOUSANDS OF DoLLaRs* 


eee 
Load ta mi | Unit 
factor Main- base riy Super- Tiong, cost, 
ot Wageet| ton | id | ane ofton-| ih, 
Description barges | First Barge-| 2nd |nance| “4.. ten- miles | ™ 
(per- | cost | Fixed | 72785 food | and dence er per 
en nance Total| P ton- 
cent- of |charge on re- anid and ) 
age) | unit wases | tow- | pair | Tet mis- mile 
boat of : cella- 
barges oh neous 
tow- 
boats 
(1) (2) (3) | (4) (5) (6) (7) (8) (9) (10) | (1) (12) 
(a) Towxsoat Loap Factor, 80 Prr Crent. 
20 700 | 126.0 9.0 32 8.0t | 70.5 9.0 254.5} 158.4 | 1.613 
Bulk cargo...... 40 500 | 90.0} 4.5 32 6.67 | 70.5 8.0 211.6} 158.4 | 1.336 
60 440 | 79.2 3.6 32 5.37 | 70.5 7.0 197.6 | 158.4 | 1.248 
{ 20 900 | 150.0 9.0 32 6.0f | 70.5 12.0 279.5| 158.4 | 1.765 
Package freight .. 40 600 | 102.0} 4.5 32 5.5 | 70.5 11.0 225.5} 158.4 | 1.425 
60 510 | 87.6 3.6 32 5.01} 70.5 10.0 208.7 | 158.4 | 1.318 


20 620 | 111.6} 7.2 32 6.4 | 63.5§ 8.1§ | 228.8] 138.6 | 1.649 
Bulk cargo...... 40 460 | 82.8} 3.6 32 5.6 | 63.5§ 7.28 | 194.7] 138.6 | 1.404 
60 420 | 75.6| 2.7 32 4.8 | 63.5§ 6.3§ | 184.9] 138.6 | 1.333 
20 780 | 130.8] 7.2 32 4.8 rege 10.8§ | 249.1] 138.6 | 1.797 
Package freight ..|/; 40 540 | 92.4] 3.6 32 4.5 | 63.5 9.9§ | 205.9] 138.6 | 1.484 
60 480 | 82.8] 2.7 32 4.2 | 63.5§ 9.0§ | 194.2] 138.6 | 1.400 


{ 20 580 | 104.4] 6.3 32 5.6 ap all oan 204.0] 99.0 | 2.060 
Bulk cargo...... 40 440 | 79.2) 3.6 32 4.0 | 49.4 5.6 173.8] 99.0 | 1.756 

: { 20 720 | 121.2) 6.3 32 4.2 | 49.4 8.4|| | 221.5] 99.0 | 2.238 
Package freight ..|| 40 510 | 87.6) 3.6 32 3.5 | 49.4 7.7 183.8] 99.0 | 1.856 


(d) Towxpoat Loan Factor, 30 Pur Crnt. 


20 
20 


460 
540 


82.8 
92.4 


Bulk cargo...... 
Package freight .. 


32 
32 


35.4 
35.4 


4.5 
6.0 


161.5 
171.8 


59.4 
59.4 


2.718 


3.6 3.2 
3.6 2.4 2.892 


* 300 days in commission. + 2% to4% of Column (3). 1% to 3% of Column (3). 90% of th 
corresponding values in Table 3(a). || 70% of the corresponding values in Table BC 50% of the 
corresponding values in Table 3(a). 


Table 3(a), Column (3), the first cost includes: Towboats @ $300 000; bulk 
cargo barges @ $20 000; and package-freight barges @ $30000. In Column 
(4), the annual fixed charge includes: Towboats and bulk cargo barges @ 18%, 
and package-freight barges @ 16 per cent. Towboat wages (Column (6), 
Table 3(a)) are based on an average rate of $1 350 per yr per man ; and, barge- 
men’s wages (one man for each two barges) on a rate of $900 per yr. The 


ies el 


September, 1937 THE VALUE OF WATER TRANSPORTATION 1239 


assumed food allowance for the towboat crew (Column (6)) is $250 per yr per 
man. Fuel and lubrication costs (Column (8), Table 3(a)) amount to $36 per 
yr per ihp, with the cost of maintenance and repair at $11 per yr perihp. The 
costs in Column (9), Table 3(a), are based on an assumption of $20 to $30 per 
day for bulk carriers and $30 to $40 per day for package freighters. Table 
3(a) is of no final use in itself but may be used in the process of computing water 
transportation costs if the necessary load factors are known. Unit costs are 
shown in Fig. 1. ; 


TABLE 4.—Costs or WATER TRANSPORTATION, SELF-PROPELLED BARGES 
(Speed in still water, 8 miles per hour) 


ANNUAL* Cost, IN THOUSANDS OF DOLLARS 


mil- | Unit 
Size, | nd, Main eee ae 
in First | Annual Lu- te- | Super-| Mis- . mills 
tons Bree t | fixed Com- bri- nance in- cella- miles per 
mower “of reread Wagest| mis- oa Fuelll| “and ten- ne- | otal} per ton- 
unit | @16% aryt tion§ eq dence | ous** Nite mile 

pair 


@ | @ | ® (4) (S) () | @% | ®) (9) (10) | (11) | 2) | (13) | (14) 


(a) Loap Facror, 80 Prr Cunt. 


2.4 |106.5| 73.8 | 1.443 
2.9 |122.2| 110.6 | 1.106 
3.3 |139.7] 147.5 | 0.947 


33.3 24. 4.5 0.8 | 28.0 7.2 
2400| 950} 262 | 41.9 24.3 4.5 1.0 | 33.2 8.6 
y 24.3 4.5 1.1 | 38.5 9.9 


elerey 
noo 


1 600 800} 208 24. 4.5 0.7 25.2 6.5 8.4 102.9 64.5 1.596 
2 400 950} 262 41.9 24.3 4.5 0.9 29.8 hat 8.9 118.0 96.8 | 1.219 
3 200}1100| 316 24. 4.5 1.0 34.7 8.9 10.8 134.7 | 129.0 | 1.043 
t 
(c) Loap Factor, 60 Per CEenz. 
1 
00 800} 208 62.1 28.8 8.4 99.3 55.3 | 1.794 
3 400 950| 262 70.7 34.1 8.9 113.7 82.9 | 1.372 
3200/1100] 316 79.4 39.6 10.8 129.8) 110.6 | 1.173 


(d) Loan Factor, 50 Pur Cunt. 


1600 62.1 25.2 8.4 95.7 46.1 | 2.077 

2 400 950| 262 70.7 29.9 8.9 109.4 69.1 1.583 

3200/1100] 316 79.4 34.7 10.8 124.8 92.2 | 1.356 
(e) Loap Factor, 40 Par Canv. 

0 | 208 62.1 21.6 8.4 92.1 36.9 | 2.500 

3 400 BO 262 70.7 25.6 8.9 105.2 55.3 | 1.903 

3 200 | 1 100 |* 316 79.4 29.7 10.8 119.9 73.7 1,625 


* 300 days in commission. + At $1 350 per yr per min; 18 members in the crew. t At $250 per yr per 
man. § At $1.00 per yr per ihp. || At $35 per ihp. { At $9 perihp. ** At $3 per ihp. 


Load Factors.—A load factor in water transportation might be said to be the 
ratio between the total number of ton-miles resulting from one season’s opera- 
tion of a unit and the theoretically possible total movement. Therefore, to 
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determine a load factor for a towboat it is first necessary to determine the total 
number of hours during which the towboat will be in commission. Multiply 
this by the number of tons in a capacity tow and by the still-water speed, in 

miles per hour; the result gives the 


re (a) SELF-PROPELLED BARGES theoretical total tonnage possible for 
the number of hours during the year 
Copan tens in which the towboat is in commission. 


0 
; The actual performance will be mea- 


sured by the number of hours the tow- 

boat is in line service, deductions 
) TOPRCKAGE FREIGHT. having been made for terminal and 
mechanical delays and also for chan- 
nel delays, such as groundings, time 
lost through passing through bridges 
or locks, etc. Another item that 
must be used to reduce the load factor 
for a towboat is the average loading of 
carriers as compared with the theoret- 
ical capacity load. The final item for 
consideration is the character of the car- 
go movement, itself; if it is a balanced 


ap 
coo 


Load Factor Propelling Units 


a 
o 


40 


(c) pow ecas AND BARGES; E : 
LK CARGO movement no further adjustment in 


1.0 1.4 18 2.2 2.6 30 load factor is required; if the move- 


20 


Cost,in Mills per Ton-Mile F 4 3 a 
ment predominates in one direction 


correction must be made accordingly. 

In the case of barges a similar procedure should be followed in determining 
the load factor for the operation under consideration. It will be seen that a 
very thorough knowledge of operating conditions must be available before these 
load factors may be determined intelligently. 


Fic. 1.—Unit Costs or WATER TRANSPORTATION 
, 


In JUSTIFICATION 


Preliminary.—Many notable papers have been published in an attempt to 
prove economic justification for many of the waterway projects that have been 
undertaken in the United States. Possibly as many contributions have been 
made on behalf of rail transportation. The waterway papers have been 
discussed and criticized by railroad advocates, while the railway point of view 
has been argued against by those favoring the waterways. One would think 
that all points for both sides of the controversy had been covered time and time 
again; that there was nothing more to be said, and that nothing could be gained 
by prolonging the argument; and yet, the strife appears to continue; waterways 
are accused of “robbing” the taxpayer and of taking traffic away from their 
competitors, whereas the railroads are alleged to be engaged in the nefarious 
practice of reducing rates wherever water competition exists and making up the 
loss at the expense of their customers located where the advantages of water 
competition are not available. Of course, this attitude is understandable when 
it is realized that each side is attempting to protect its own interests ; but the 
results are not necessarily along the lines of better understanding or of con- 
structive accomplishments for the public at large. 
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Tangible Economie Values.—The main water transportation routes in the 
Mississippi Valley will have cost the United States at the rate of about $186 000 
per mile of length when completed. Maintenance, including the operation of 
the locks and movable dams, will cost at the annual rate of approximately 
~ $3 000 per mile. The capacity ofthese water highways for carrying freight will 
vary. The open rivers will be able to carry practically an unlimited tonnage, 
but the canalized sections will be limited by the rapidity with which the carriers 
may pass through the locks of highest lift in those sections. For instance, the 
traffic from the Lower Mississippi River and the Missouri River to and from the 
Upper Mississippi and the Illinois Waterway System will be limited by the 
capacity of the lock on the Mississippi River at Alton, Ill; through traffic 
between Chicago and the Valley may not exceed the capacity of the lock at 
Lockport, Ill., at the lower end of the Chicago Drainage Canal; and the capacity 
of the Upper Ohio River will be determined by that of the locks at the dams 
below Pittsburgh. With single locks at these three critical locations, as built 
or as proposed, the limits will approximate between 20 000 000 and 30 000 000 

tons per yr, respectively. The construction of twin locks at these places would 
result in more than doubling the capacity of those sections of the waterways at 
a cost which would be comparatively small. 

By way of comparison, it is understood that modern railroad construction 
costs in the Mississippi Valley vary between $50 000 and $70 000 per mile of 
single track, and that maintenance of way and structures cost on the average 
of from $2 000 to $3 000 per mile annually under heavy trafic. Furthermore, 
it is the understanding that the annual traffic capacity of a single-line railroad 
varies between 20000000 and 30000 000 tons, depending on the class of 

freight which predominates. It is thus apparent that inland-waterway 
construction is much less flexible than is the case with railroad construction and, 
without regard to capacity, it costs more to build and to maintain. Further- 
more, railroad distances between given points are generally shorter than those 
by water, which is an additional credit to railroad transportation when con- 
struction and maintenance costs are under consideration. 

Conditions vary so much as to terminal operations that it is difficult to draw 
any general conclusions. Usually, rail terminals are located on more expensive 
property than water terminals so that total fixed charges are comparatively 
high; but since they are likely to have a higher use factor there is probably little 
difference between unit fixed charges. With operating costs conditions should 
favor the railroads because such transfer operations are generally conducted at 
one elevation, whereas at the river terminals there is a wide fluctuation between 
low and high-water stages which requires a considerable vertical movement of 
cargoes. Where joint rail and water transport operations are involved addi- 
tional transfer operations are required, and as regards the waterway traffic in 
the Middle West, these transfers are always at the cost of the waterway carrier. 
This condition is somewhat different from the methods in vogue at several 
seaboard rail terminals where such costs are absorbed by the rail carriers. 

As to comparative costs of the two methods of transportation, there should 
be no further cause for misunderstanding. Modern methods of inland water 


transport have been successfully in operation for a sufficient length of time, and 
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enough data have been assembled on the subject so that fairly definite con- 
clusions may be reached. First costs and fixed and maintenance charges for 
equipment for both types of transportation facilities on comparable operations 
are readily ascertainable, and actual operating costs for a variety of traffic 
conditions are known. Why argument continues along these lines is a question. 

A study of various authorities on the subject indicates that for railroad 
operation in the Middle West the cost of maintaining equipment plus fuel, 
supplies, and wages, averages very close to 4 mills per ton-mile. Interest on 
investment in equipment and its depreciation (which are dependent upon the 
load factor when unit costs are under consideration) vary from about $0.0006 
per ton-mile for a load factor of 100% to as much as $0.0015 per ton-mile when 
the load factor is 40 per cent. Total unit costs for this range of load factors, 
therefore, lie between $0.0045 and $0.0055 per ton-mile. Comparable costs for 
water transportation, as demonstrated previously, are from $0.00125 to $0.003 


per ton-mile. The latter should be corrected for circuity as the water distances — 


are generally longer than those by rail. Between points on the Ohio River this 
factor averages about 1.4; between Chicago and St. Louis, it is about 1.2; on the 
Lower Mississippi River, it approximates 1.5; and up stream from St. Louis the 
factor is 1.1. 

Comparison of Costs.—It is now possible to make a rough comparison to 
determine the net tangible cost to the country at large of supporting traffic on 
the main inland waterways of the Mississippi Valley. If it is assumed that 
all the existing waterway traffic was carried by railroads serving the same points 
and allowing a cost of $50 000 per mile for the roadway, a capital investment of 
about $175 000 000 would be involved compared with the present cost of the 
water highways of $550000000. The annual traffic to be handled is about 
5 500 000 000 ton-miles via water routes, the equivalent of about 4 000 000 000 
ton-miles by rail. Comparative costs would then be as shown in Table 5(a). It 


TABLE 5.—Comparison or Costs, In Minions or DOLLARS 


(a) WaTER (b) Comparison (©) eas om 
TraFric CARRIED ON THE Basis aE ATER oe 


By RaILROADS or PRESENT Trarric Equats 
Nicheristion Pee THE SAME WaATBRWAY a 
OINTS IMPROVEMENTS BRusenoks 
Rail Water Rail Water Rail Water 
(1) (2) 4) (5) (6) (7) 
EN LOIGS Ge strate le tte aig bite.o te seers cee Mithereteine 17.5 44.0 35 52 
Maintenance of way and structures....... 4.0 8.0 36 15 250 oe 
Operating charges... 2.00050. scceccepane. 22.0 13.75 162 100 112.5 78.8 
PROEELS Neha ta fs tuciators ier way Aelone Meer ice 43.5 65.75 233 167 155.0 143.3 


is apparent, therefore, that the country at large is paying more for its trans- 
portation in the amount of about $22 000 000 per yr on account of the present 
use of the main inland waterway routes in the Mississippi Valley. 

When improvements under way are completed these water transportation 
routes could easily accommodate an annual trafic of at least 50 000 000 000 ton- 
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miles and with the addition of duplicate locks at critical locations, this capacity 
could be doubled. If a comparison is made on the basis of the capacity of the 
_ present waterway improvement projects (in which case the first cost of railroad 
roadway to carry it would be twice the sum given previously) costs involved 
' would approximate those in Table 5(b). In this case the comparison favors 
water transportation. If the water traffic totaled 35 000 000 000 ton-miles the 
corresponding railroad tonnage would be about 25 000 000 000, approximately 
the capacity of a single-line road. Under such conditions the comparison in 
Table 5(c) would apply. The future tangible economic justification of this 
large expenditure for waterway development, therefore, lies in the ability of 
industry and commerce in the Middle West to develop and support water 
traffic approximating 35 000 000 ton-miles per yr. 

It is to be noted that these comparisons take no account of rates charged for 
either rail or water transportation. Rates are notoriously artificial as far as the 
~ railroads are concerned and where they are in competition with water they bear 
little relation to the cost of services performed. Water rates, on the other 
hand, are generally as close below the corresponding rail rates as the traffic will 
bear. In any event it is the costs that determine the net direct effect on the 
national wealth, and it is only when rates become so low as to be destructive of 
healthy competition or so high as to prevent industrial development that they 
affect a drain on national resources. 

The foregoing comparisons of costs of transportation were intended to be 
made in a way that would avoid controversial questions. The results show the 
tax on the nation’s pocket-book of the existing uncompleted system of water- 
ways as reflected in transportation costs. Questions of subsidy to water 
carriers are thus eliminated; nor is consideration given to the subsidy enjoyed 
by rail lines paralleling the water routes paid for by shippers located where they 
cannot use them. 

In one respect only are the comparisons incorrect; that is, with regard to the 
costs of the transportation routes themselves. For the water routes, the total 
costs result from a study of the records of actual expenditures by the Federal 
Government since the inception of the projects. These costs, therefore, are not 
replacement costs, but the accumulation of expenditures from sporadic ap- 
propriations made over a long period of years, a substantial proportion of which 
has been undoubtedly wasted by reason of the uncompleted nature of the 
construction works. For the rail routes replacement costs are used and, 
therefore, they make no allowance for wasteful expenditures of the past which 
are the experience of many great enterprises. There is no accurate method of 
arriving at a replacement cost of the waterway system; nor is there any way of 
telling how much has been spent to bring any given part of the railroad system 
of the country to its present efficiency and condition. In this respect, when 
the conclusion is drawn that inland water transportation over these particular 
routes costs the nation approximately $22 000 000 per yr, the rail carriers are 
given a substantial advantage. 

Intangible Values.—In a discussion of the intangible effects of a major 
program of public improvements as involved in the development of water- 
transportation routes in the Mississippi Valley, it is necessary at the beginning 
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to take as broad a point of view as possible. The investigator is concerned 
neither with the immediate effect on small communities nor with individual 
enterprises. Water carriers as well as rail carriers are only a means to an end, 
and that end is best expressed by the statement that the people still are engaged 
in building a nation. 

Another point to be kept in mind is that most of the construction operations 
in connection with the improvement of these routes have been completed and 
the expenditures already made. The sum of $550 000 000 has been expended, | 
2500 miles of channel finished, and about $100 000 000 will be required to 
complete the remaining 1000 miles of channel to project dimensions. Argu- 
ments as to the wisdom of works already completed are somewhat academic as 
the money expended cannot be recovered without putting these projects to 
work. It would seem more to the point for all concerned to join efforts to 
insure as large a return on the previous investment as possible, whether it was 
good or bad. 

There is little question but that the old ‘“‘packet”’ boat was a controlling 
influence in the formation and growth of the “plan” for the Middle West. As 
a result, this ‘‘plan”’ was based on the great rivers, and as many as have been 
the changes in industrial development and in the forms of transportation which 
serve both commerce and industry, the fundamental elements of that ‘‘ plan” 
still persist. The present problem, therefore, is simply to determine whether 
that ‘‘plan”’ has sufficient merit to justify its perpetuation as against any 
other that might be advanced. 

All the great nations of the world have been developed on the premise that 
the sea is the base of the system of transportation. The world ports achieved 
their pre-eminence because they served as focal points for the lines of trans- 
portation to the interior and as gateways for commerce over the free routes of 
the high seas to domestic as well as foreign destinations. The controlling 
elements in this situation are: (1) That ocean transport was, and still is, cheaper 
than land carriage; and (2)—which is possibly of greater importance—that the 
water highways are free and dedicated to the unrestricted use of all. 

By close analogy the interior of a great country may be developed to best 
advantage by preserving for the use of the general public the free water high- 
ways of its great rivers even at some expense, if necessary. The principle 
involved is identical. In the writer’s opinion the price of about $22 000 000 per 
yr is a small one for this country to pay if, in making this investment, it 
accomplishes the multiple purpose of salvaging large expenditures made in 
previous years, of preventing a violent readjustment in the distribution of 
industries and population, and of preserving a group of minor “sea bases” 
located on a secondary coast line 7 000 miles in length. 

There is another important set of intangible values involved in this question 
which can be emphasized to best advantage by quoting a short part of a 
statement? by the late C. E. Grunsky, Past-President, Am. Soe. C. E.: 


“Tn his opening paragraph the author [the late William Murray Black, M. 
Am. Soc. C. E.] presents the conclusion that a new waterway line of trans- 
portation should not be established unless the need for it can be shown and 


* Transactions, Am. Soc. C. E., Vol. 88 (1925), p. 553. 
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unless ‘if established, it will produce an annual saving in the cost of trans- 

portation greater than the interest on construction plus maintenance and 
operating costs.’ There is another element which should sometimes be con- 
sidered when the advisability of such a line of transportation is being studied, 
_and by virtue of which many a project may be found advisable, despite the 

fact that it cannot, perhaps, for many years in the future, produce revenue to 
meet in full the interest charges against it. This element is the project’s 
contribution to general prosperity as measured in terms of population, of 
business, and of property values. It becomes a factor because the expenditure 
of funds in its construction, and the utilization of the facilities which it provides 
when it is completed, bring increase of population; and to the extent that the 
growth in population of the zone coming under the influence of the improve- 
ment is thus accelerated, to the same extent will land values increase and 
wealth be created, which may fairly be weighed against the cost of the improve- 
ment when the advisability thereof is under consideration. Society, in other 
words, may reap material advantage from many an enterprise that would be 
condemned by the stockholder who weighs only the cost of the service against 
the prospective revenue.” 


The application of the principle stressed in this quotation to the advisability 
of completing and utilizing the main water-transportation routes of the 
Mississippi Valley should not encounter serious opposition. 
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THE HIGH COST OF INLAND WATER 
TRANSPORTATION 
By S. L. Wonson,? M. AM. Soc. C. E. 


SYNOPSIS 


Due to its historical background, water transportation in the Mississippi 
Basin has, in earlier years, impressed itself strongly into the national conscious- 
ness. After the decline of river traffic, following the fixation of traffic routes 
and the development of railways, having certain elements of inherent superiority 
in satisfying traffic needs, this early impression resulted in a public demand for 
the continuing development of river transportation at public expense. 

This demand was largely based upon the supposed necessity of waterways to 
supplement inadequate facilities of the railways and to act as regulators of their 
rates and practices. Under present and foreseeable future conditions, these 
reasons have lost such validity as they may have had, and the justification of 
waterway development in the Mississippi Valley at the expense of the taxpayers 
now rests upon the test of relative economy of water and rail transportation, 
taking into account all elements of cost. 

The rivers of the Valley are not of the class of waterways freely navigable 
in a state of Nature; they require large expenditures for channel improvement. 
The major elements in the cost to the public of transportation on these rivers 
are: The annual charges pertaining to Federal expenditures for improvement, 
and the service charges of the river carriers. Certain other elements of cost, 
such as those pertaining to bridges and river terminals, are not now known in 
total. 

When the two major elements are reduced to a ton-mile basis, for compari- 
son with the total cost to the public of rail transportation, which is closely 
known, it is found that they generally exceed the latter, in many cases to a 
marked degree, and that any impression as to superior economy of river trans- 
portation in the Valley is based upon a misapprehension. 


INTRODUCTION 


The question of waterway improvement for transportation purposes, 
particularly in the great interior basins of the United States, has been long and 
actively discussed, before this Society and elsewhere, and it would appear that 
every pertinent viewpoint has been adequately covered. The continued activ- 
ity of the question, however, would seem to indicate that a realistic appraisal, 
from the viewpoint of the public interest, has not yet acquired general accept- 

3 Asst. Chf. Engr., Mo. Pac. R. R., St. Louis, Mo. 
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~ ance, and that river improvement for transportation purposes has been and is 


being over-emphasized, to the detriment of the primary function of these 
streams, namely, that of drainage channels. 


VIEWPOINTS 


The rivers of the Mississippi Basin exercised an essential function in the 
national life from the time of the first explorers in the Sixteenth Century, through 
the years of the pioneers and settlers, and well into the period of settled trade 
and commerce that opened with the Nineteenth Century. As long as the 
muscles of men and animals were the only motive power available, river trans- 
portation held an inherent superiority in efficiency over any form of land 
transportation. 

Consequently, there were impressed into the national consciousness certain 
feelings as to the superiority and virtue of river transportation as such, and as 
to the necessity of its continuance, in the future as in the past, as an essential 
part of the national life. Itis a characteristic of such general impressions, upon 
other subjects as well as this, to persist for some time after their factual basis 
has passed, and to be evidenced, in discussion of the particular subject, by em- 


‘phasis upon the emotional, rather than the realistic, viewpoint. The Mississippi 


Valley Committee of the Federal Public Works Administration, for example, 
writes of the waterways in the Valley, “they have a romantic and traditional 
interest which cannot be disregarded.’ 


DECLINE OF THE RIVERS 


The function of the railroads as freight carriers did not develop immediately 
upon their first construction. Like the first river steamboats, the first railroads 
were primarily passenger carriers. An examination of the railroad map of 1840 
will disclose the complementary relation of the early railroads to the waterways. 
West of the Alleghenies the first railroads were mostly short lines running to 
the Great Lakes and to various rivers. The same situation is marked on the 
railroad map of 1850. The map of 1860 shows a different picture. The shift 
of traffic from river to rail had begun, following the great change in direction of 
traffic initiated by the opening of the Erie Canal. The growth of the country 
was such, however, that neither of these causes produced an immediate decline 
in Mississippi River commerce; the year 1860, for example, exceeded all previous 
records in number of steamboat arrivals and value of goods received by river 
at New Orleans, La. 

Professor Frank H. Dixon cites® two causes, independent of rail competition, 
for the rapid decline in Mississippi traffic after 1860: (a) The Civil War, which 
closed the lower river to commerce for several years; and (b) conditions at the 
mouth of the river which, after the introduction of steam navigation, seriously 
obstructed the access of ocean carriers to the Port of New Orleans, and which 
were not remedied until the completion of the Eads jetties in 1877. 


4 Rept., Mississippi Val. Committee, PWA, October 1, 1934, p. 4. f 
5‘‘A Traffic History of the Mississippi River System,” by Frank Haigh Dixon, Document No. 11, 
U. 8. National Waterways Commission, 1909, Govt. Printing Office, Washington, D. 
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NaturaL DIsaDVANTAGES 


In comparison with the service which the rail carriers were in a position to 
offer, some of the natural disadvantages of the rivers of the Valley as transporta- 
tion routes may be mentioned as: 

(1) Rigidity of location, preventing a universal and flexible service, requiring 
use of land transportation to serve interior points and involving additional time 
and expense for transshipment; 

(2) In many cases the river courses lie across, rather than along, the major 
currents of traffic movement; 

(3) Cireuity, or greater distance between given points; 

(4) Channel conditions, imposing limitations upon speed of movement and 
upon use of economical types of craft, and only to be partly remedied by large 
expenditures; 

(5) Large variations in river level, requiring additional elements of dock and 
wharf facilities for handling goods between river bank and river craft; and, 

(6) Closure of northern waterways during the winter season. 


The rail carriers, in turn, held an inherent superiority over the rivers in 
transportation efficiency. This situation seems not to have been as clear prior 
to 1870 as it is in retrospect. Professor Dixon makes the interesting statement 
that: 

‘«* * * one of the causes assigned for the building of cars by shippers was the 
fear of the railways that the restoration of river business after the war would 


have such a serious effect upon their business that it would be unwise for them 
to make the necessary outlay themselves.” 


Rivers NEEDED TO SUPPLEMENT RAILROADS 


The shift of traffic from riyer to rail, and the rapid growth of the country 
and of its transportation needs after the Civil War, caused the railroad plant 
to be overtaxed at times and the situation of the waterways from the viewpoint 
of the public interest became the concern of various official committees and © 
commissions, as well as of many private organizations and individuals. All 
these bodies based the need for inland waterway transportation upon the peri- 
odic inadequacy of the railroad plant as then functioning, and the national 
necessity for supplementary and additional transportation facilities. 

The sudden and large increase in the nation’s commerce and transportation 
needs during the World War again taxed the railroad plant to its limit, and, 
together with the taking over, by the United States, of transportation on certain 
waterways in 1918, apparently contributed to the feeling that land transporta- 
tion could not be considered adequate for the nation’s needs; that it must be 
supplemented by inland waterway development. 

As the march of events and the passing of an era came to discount the cor- 
rectness of this conclusion, emphasis seems to have shifted to a superior economy 
claimed for inland waterway transportation. 


Economy or RIvER TRANSPORTATION 


From the viewpoint of economy, waterways fall at once into two distinct 
classes: First, the oceans, the wide and deep estuaries of great rivers, and certain 


e 
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great lakes (including, in some cases, relatively short connecting channels); 
and second, rivers, such as the rivers of the Mississippi Basin, which have the 
natural disadvantages previously mentioned and which require large expendi- 


tures to permit navigation by a restricted type of craft. Waterways of the 


first class present no great limitation upon efficient type, size, and operation of 
the cargo carrier, and constitute transportation routes superior in economy to 
any present form of land transportation. 

From the viewpoint of transportation economy no analogy can follow from 
one class of waterway to the other, unless there be considered and included the 
cost of creating and preserving such conditions of the rivers as navigation upon 
them may require. 

Of the total costs of river improvement only a part is recorded so as to be 
available, namely, that part representing the direct expenditures of the United 
States and, in some cases, of political subdivisions. Substantial additional 
costs, such as those involved in the construction and reconstruction of highway 
and railroad bridges, combine to make up the true but unknown totakin. A 


- finding as to the various elements of true total cost pertaining to public improve- 


ment work, including river improvement, was adopted by the American Rail- 
way Engineering Association in 1935° and is also stated in the 1935 report of the 
Committee of the Engineering-Economics and Finance Division on Principles 
to Control Governmental Expenditures for Public Works.’ 


RIvERS AS REGULATORS OF THE RAILROADS 


Accompanying the thought that waterway development is necessary to 
provide additional transportation facilities, has been the viewpoint that im- 
proved waterways are natural competitors of the railroads and effective regula- 
tors of their rates. This theory was advanced as early as 1874 by the Windom 
Sslect Committee on Transportation Routes to the Seaboard of the United 
States Senate. The more clear-sighted commentators, however, have recog- 
nized the fallacy of this view. 

In 1909, Professor Dixon stated that ‘‘if the purpose is to reduce railway 
rates, there are more direct and less costly methods of accomplishing this re- 
sult.” In its first report of 1910, the National Waterways Commission pointed 
out that expenditures on waterway improvement for the purpose of regulating 
railroads or reducing rates were not justified by either reason or experience. 

The scope of railroad regulation has been so extended and strengthened in 
recent years as to justify the conclusion of these two authorities. The subject 
is treated by the National Transportation Committee, which, in its report of 
1933 to the President, states, in part: 

“The development of regulation and of new methods of transport make it 
unnecessary for Government further to create and foster competition with or 
among railroads as a defense against monopoly. That is an expensive and 
ineffective attempt to do indirectly what Government has shown its ability to 


do directly. Regulation is sufficient.” 
Regulation of the railroads “ has been practiced long enough and sufficiently 
extended to prove that it dominates competition or any other influence as the 


6 Proceedings, A. R. E. A., Vol. 36 (1935) p. 238; also, Bulletin 871, November, 1934, p. 238. 
7 Proceedings, Am. Soc. C. E., February, 1936, p. 219. 
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governing law of railroad practice. To the extent, that the monopoly inherent 
in the railroad franchise was a menace, it is of the utmost importance to recog- 


nize that current railroad regulation safely controls it.”’ 
Pa Sele yl ee at Ser ae 


“In go far as government policies have been designed, by Federal interven- 
tion, to create and maintain competition with or among railroads as a defense 
against monopoly, they should be abandoned as wasteful and unnecessary. 
Regulation is sufficient.’’ 


Tur Pusiic NECESSITY 


In view of the foregoing, an attempt to appraise the fundamentals of the 
situation may be in order. The public necessity requires a satisfactory trans- 
portation service. A satisfactory service is one that is, to the highest practicable 
degree, adequate, efficient, and economical. Although these characteristics 
are more or less interdependent, they may be commented upon separately. 

There seems to be general agreement that the railroad plant is adequate for 
the transportation needs it is called upon to meet and that it will continue to be 
so for some time to come. The total revenue freight transported by Class I 
rail carriers of the United States in 1929 and 1935, is shown in Table 6, Columns 
(2) and (3). The transportation performance of the major rivers of the Missis- 
sippi Basin—the Ohio, Missouri, and Mississippi—covering river traffic be- 
tween Pittsburgh, Pa., Minneapolis, Minn., Sioux City, Iowa, and New Orleans, 
in 1935 was as shown for comparison in Column (4), Table 6; the figures for 
waterways include materials used in river improvement work as well as ma- 
terials rafted. 


TABLE 6.—ComparIson oF REVENUE FREIGHT TRANSPORTED — 


1929 1935 
Revenue freight transported: 
Railways Railways Waterways 
(1) (2) (3) (4) 
Milliona of tons: ary: sulaid eats. ateeie ss 2 452 1427 41 
Millions of ton-miles................ 447 322 282 037 5 487 


In a broad sense, the railroads serving the Valley have a reserve capacity at 
least proportionately equal to that of the railroads of the United States. 
Considering that the railroad plant was not overtaxed in 1929, and that its 
productive efficiency has been increasing and will continue to increase, it would 
appear that the construction, maintenance, and operation of waterways in the 
Valley is no longer justified upon the broad ground that other agencies of trans- 
portation are, or will be, inadequate in capacity to serve the public need. 

From the viewpoint of efficiency, the rail carriers have certain inherent or 
natural advantages, such as a superior universality and flexibility of service, 
and the power to render continuous transportation without delay or expense 
for transfer at intermediate points. Under an equality of conditions the relative 
efficiency of two or more types of transportation service will be clearly revealed 
by the test of public use. These conditions are such as would cause each type 
to offer a service reflecting its own natural advantages or disadvantages, as well 


s 
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as any superior or inferior degree of management, and are more or less as follows: 


(1) Substantial equality in respect of beneficial, restrictive, or punitive legisla- 
tion and regulation; and (2) a system of service charges covering the total cost 
of the service. 

Under such conditions there is little doubt as to the direction in which the 
verdict of public use would point. It is well known, however, that such equal- 
ity of conditions does not now exist. The rail carriers are subject to a great 


mass of restrictive legislation and regulation, originally purporting to be in the 


public interest and now considered by many to extend far into the field of 
management. On the other hand, the river carriers are largely free to pursue 
such policies and practices as may seem to them appropriate, and are further 
enabled, by acts of Government, to offer their service for a charge which does 
not cover its total cost by a substantial margin; in other words, the users of the 
service are paying a part of the cost and the taxpayers are paying the remainder. 

Even under the present inequality of conditions, the superior efficiency of 
rail transportation, based both upon its natural advantages and also upon alert 
and progressive management within the limits imposed by regulation, is gen- 
erally conceded. Definite expression of this judgment may be found in volum- 
inous shipper testimony before the Interstate Commerce Commission in one 
of its current general proceedings.® 


RELATIVE Costs 


The third major requisite of transportation is that it be economical. Econ- 
omy is necessarily relative, and certain approximately known elements of cost 
of river and rail transportation may properly be compared. 

Broadly, the total cost of rail transportation to the public may be measured 
by the charge for the service, the freight revenue. In 1935 the average charge, 
or revenue, per ton-mile of revenue freight transported by the Class I rail car- 


- riers of the United States was 9.9 mills, of which 0.7 mill was directly refunded 


to the public in the form of taxes, thus reducing the average total charge to 9.2 
mills per tone-mile. Substantially these figures apply to the railroads serving 
the Valley. For convenience, the rounded unit of 1% per ton-mile may 
be kept in mind as the outside total cost to the public of rail transportation. 

The rivers of the Valley are of that class of waterways requiring large ex~- 
penditures for navigation, and these expenditures do not appear in the accounts 
of the river carriers. Neither the costs of these carriers nor their charges for 
service are a measure of the total cost to the public of transportation on these 
rivers. This total cost includes at least the following elements: (1) Expendi- 
tures upon river improvement for purposes of navigation (a) by the United 
States; (b) by States and political subdivisions; and (c) incidental costs to 
public and private interests; (2) public expenditure on river terminals; and (3) 
service charges or costs of river carriers. 


EXPENDITURES BY THE FEDERAL GOVERNMENT 


The portion of river transportation cost paid by the Federal taxpayers, 
when reduced to the ton-mile unit, differs widely as between the rivers of the 


_ 8]. C. C. Docket No. 26 712, Rail and Barge Joint Rates. 
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Mississippi Basin. In the following paragraphs these values are given for the 
major rivers, the Ohio, the Upper Mississippi, the Missouri, and the Lower 
Mississippi, and for a few of the tributaries. The data are derived from the 
Annual Reports of the Chief of Engineers, U.S. Army, and are for the year 1935. 
which is the latest for which ton-mile data are available. Interest at 33% 
and current maintenance costs are used, and no allowance is made for amortiza- _ 
tion. To produce unit costs comparable with those of rail carriage, a circuity 
factor is used, representing the excess of river distance over rail distance. 

In order that the discussion may include every possible factor favorable to 
river transportation, a number of findings are quoted from the report of the 
Mississippi Valley Committee of the Public Works Administration, which 
seems to be the latest comprehensive and independent study of the subject. 
This Committee, stated by the Administration to be ‘‘a group of the nation’s 
leading scientists and technicians,’ devoted a year to the preparation of a 
report upon the use and control of water in the Mississippi Basin, which was 
made public in December, 1934. The membership of the Committee included 
the Chief of Engineers, U. 8S. Army, and its attitude was one wholly sympathetic 
with river values. In considering the following data it should be remembered 
that transportation on these rivers is no new or untried experiment; it is older 
than rail transportation—as old as commerce in the Valley. 

Ohio River—During the period of the Revolution considerable trade de- 
veloped between Ohio River settlements and New Orleans and via New Orleans 
to the Atlantic seaboard. A regular packet service of keel-boats was established 
on the river in 1794. The course of the river is largely parallel to the main 
currents of traffic; it flows through a section highly industrialized for many 
years and in which bulk commodities are found in great quantities. Tonnage 
on the Ohio exceeds that on the Mississippi from Minneapolis to New Orleans. 

Notwithstanding these favorable factors, Federal expenditures on the Ohio 
River amount to 5.5 mills per ton-mile of river traffic. To make the total cost 
as low as the total for rail transportation would require that all the other costs 
of river transportation previously mentioned aggregate not more than 3.7 mills 
per ton-mile. It seems improbable that such is the case. 

The Monongahela River should be mentioned as a case exceptionally favor- 
able to low-cost river carriage. Its tonnage, but not its ton-mileage, has been 
larger than that of the Ohio; in 1935 it was about 86% of the latter. Disregard- 
ing circuity, which is slight, the Federal contribution to cost of transportation 
on this river is 1.3 mills per ton-mile; 85% of the tonnage is coal, moved down 
stream from mines along the river. 

If it be asked, what interests have benefited from the expenditure of about 
$185 000 000 of Federal money on the Ohio alone, the Mississippi Valley Com- 
mittee of the U. 8. Public Works Administration answers: 

“Private carriers—largely coal and steel companies—now transport more 
than 95% of the total commerce on the Ohio River.” 

CR eee Oe a SBS 
“Practically all of this traffic is handled by private carriers who pay no tolls. 


In other words, under present policy, the construction costs and the operation 
and maintenance costs of navigation projects are at Federal expense, and no 
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| part of either of these costs is directly returned to the Government. The Com- 
mittee believes that this policy should be modified.” 


| Mississippi River Above the Ohio—The first steamboat is said to have 
_ascended to Fort Snelling, near St. Paul. Minn., in 1813. During the era of 
active settlement in the Northwest, beginning about 1845, the river carried a 
considerable commerce. Following the extension of railroads into the Trans- 
Mississippi region, traffic left the river rapidly because of its natural disabilities, 
such as the condition of the channel, its closure during the winter, and chiefly 
its location across the direction of traffic. 

The contribution of the Federal taxpayers to the cost of river transportation 
on the main stem between Minneapolis and the mouth of the Ohio is 2 cts per 
ton-mile and maintenance alone amounts to 0.6 ct per ton-mile. One-quarter 
of the total tonnage is material for river improvement. 

The Committee finds that as of June, 1934, expenditures on the Upper 
Mississippi System, plus expenditures required to complete the present project, 
exceed $217 000 000, exclusive of $40 000 000 for maintenance and operation; 
the Committee remarks: 


“It is not possible by any calculations of business accounting to discover an 
economic justification for the vast expenditures on the projected improvement 
of these waterways; especially from the prevailing viewpoint of self-liquidation, 


but also even from the viewpoint of complete coverage of cost of maintenance 
and operation.” 


Missouri River.—Although the first steamboat ascended the Missouri River 
in 1819, its commerce has always been relatively insignificant. Its natural 
channel conditions are particularly unfavorable for navigation and its location 
up stream from Kansas City is equally unfavorable for the needs of traffic. 

Disregarding circuity and any expenditure on the Fort Peck project, the 

cost to the Federal taxpayers of river transportation between Sioux City and 
the mouth is 22 cts per ton-mile of total tonnage and the maintenance cost alone 
is 4 cts per ton-mile. In 1929, more than 99% of the total tonnage was material 
for river improvement work. In later years, the percentage is simply stated as 
“large”; however, in 1935, rafted piling, stone, and sand made up 84% of the 
total tonnage. 
The Committee finds that the total construction cost of improvenients 
under way will be about $250 000 000 and characterizes this expenditure as 
having ‘‘very doubtful justification.’’ Considering that 33% interest alone 
would require a ton-mileage of about forty-three times the present (in itself 
largely composed of Government materials), in order to reduce this interest cost 
to 1 ct per ton-mile, the characterization may be pronounced conservative. 

As to the possibility that Missouri River traffic will ever be such as to justify 
this expenditure, or any substantial part of it, the Committee comments: 


“ Assuming that the more optimistic estimates of future traffic on the river 
will be realized, the savings to shippers which would result from free operation of 
the waterway would exceed by only a small margin the annual charge to be 
borne by the public for maintenance and interest on the investment. ae 
Most current estimates of prospective tonnage are exceedingly liberal, and if 
the present traffic on the section below Kansas City may be accepted as in any 
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degree indicative of future prospects, the probability of those estimates ever 
being realized, even on a free waterway, is very slight. 


To complete the picture, it should be mentioned that the construction period 
of the project has produced considerable business for the constructors, the 
producers of materials, and the transportation agencies, including the rail 
carriers. 

As to the tributaries of the Missouri, the Committee finds that for the 5-yr 
period, 1928-1932, excluding non-recurring tonnage for construction of the 
Bagnell Dam, river traffic on the Osage cost the Government $3.50 per ton-mile 
for maintenance alone. 

Mississippi River, Cairo, Ill., to New Orleans, La.—On the Mississippi below 
its three great branches one would expect to find, if at all, the great national 
waterway, carrying a large volume of traffic at a cost less than the possible 
range of any transportation cost by land. What are the facts? 

Up to June 80, 1935, the total cost of construction and maintenance work 
done by the Mississippi River Commission above the Head of Passes was about 
$417 000 000, of which a relatively small amount pertains to the river above 
Cairo, Ill. The 1935 maintenance was $5177000. In recent years these 
figures include expenditures for flood control which are not segregated from 
expenditures for navigation. However, the Committee finds that the cost of 
improving this section of the river (Cairo to New Orleans) for navigation, in- 
cluding the amount appropriated for this purpose under the Flood Control Act 
of 1928, may be estimated conservatively as $190 000 000 and that the average 
annual maintenance is at least $2 700 000. 


The Committee also finds that the average annual traffic for the 5-yr period, 


~ 1928-1932, exclusive of material used in Government work and of the coastwise 
and foreign traffic below Baton Rouge, La., was about 1 681000000 ton- 
miles and that, after allowing for circuity, the total Government subsidy 
provided to shippers by river would be about 9 mills per ton-mile. 

Disregarding any expenditures subsequent to those considered by the Com- 
mittee, a similar calculation for the ton-mileage of 1935 shows a subsidy of 7.2 
mills per ton-mile. 

The addition of costs pertaining to river terminals and the costs or service 
charges of river carriers will obviously produce a total ton-mile cost on this 
section of the river greater than that of rail haul. 

The Committee comments that ‘‘the matter seems to merit more thorough 
and comprehensive consideration than it previously has received.” 

Tributaries of the Lower Mississippi—These tributaries present a picture 
‘unfavorable to the economy of river transportation. Table 7 shows, for 1935, 
on the more important tributaries, the dominant tonnage, the total Federal 
subsidy per ton-mile, and that part of the subsidy represented by the year’s 
maintenance cost. Circuity is disregarded. 

Major Rivers Consolidated —More broadly comparable with the substantially 
uniform unit cost of rail transportation, is the consolidated Federal subsidy to 
transportation on the aforementioned four major rivers. For the year 1935, 
the annual charge pertaining to Government expenditures on these rivers is 


a eo 
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TABLE 7.—Dominant TONNAGE AND FEDERAL SUBSIDIES, ON’ TRIBUTARIES 
or THE Lower MississtpP1 River 


Required for 
: Total subsidy, | maintenance 
River Character of tonnage in cents per only, in 
ton-mile cents per 
ton-mile 
Bt. Francis... .......--..+--25+> 96% logs and piling rafted uLaA 13 
BUN PETUIL@ HED hades eh oiiny Ge fates st aioile Ts weal ated 98% sand, gravel, and logs 23 1.8 
REPISHTYSAS estas ces suals ois ny 6.100% #c-a)ss 99% sand, gravel, and logs 9.6 4.7 
GC pie ialels rbcie dee ois ewe ovine le tie 60% logs 45.7 7.6 
Ouachita and Blacks cu. caduere agen 36% logs, gravel, and riprap 2.8 aby 
Yazoo and Big Sunflower......... 45% sand, gravel, and logs 13's 3.4 


$29 000 000 or, allowing for circuity, 10.1 mills per ton-mile of commercial river 
traffic. 
OTHER EXPENDITURES 


From time to time States and agencies of the States have made considerable 
expenditures on improvement of waterways in the Valley. In the case of 
highway and railroad bridges over these waterways, the additional expenditures 
necessary to provide the type of structure and the horizontal and vertical 
clearances imposed in the interest of navigation have been considerable, and 
there is a continuing element of cost in lifting traffic to the elevation of many 
fixed bridges. A number of cities in the Mississippi Valley have provided 
terminals, at their own cost, for the use of river carriers, and the results of 
these expenditures have not been satisfactory to the municipal taxpayers in all 
cases. 

At present, there appears to be no comprehensive and authoritative compila- 
tion of these other expenditures on any of the major waterways of the Valley. 
Although the total would doubtless increase, perceptibly, the unit cost of river 
transportation derived from’ the cost of channel improvement, it is probably 
small in comparison with Federal expenditures. 


REVENUE OF WATER CARRIERS 


The Inland Waterways Corporation, owned and controlled by the United 
States, is the dominant common carrier by water in the Valley. Operating the 
_ Federal Barge Lines with modern and efficient equipment, its freight revenue is 
presumably an approximate measure of that part of the cost of river transporta- 
tion represented by the necessary charge for carrier service. In 1935, this 
freight revenue was 3.85 mills per ton-mile. 

It appears, therefore, that 3.5 or perhaps 4 mills per ton-mile should be 
added to the costs previously mentioned as representing the necessary revenue 
of the common carrier by river. The costs of private and contract carriers are 
doubtless less, although the cost of private terminals should be included; but, 
under present conditions, the provision at public expense of a free waterway to 
these carriers seems open to serious question. 

Again, the circuity factor should be applied to the ton-mile cost or revenue 
of the river carrier, in order to make it comparable with the cost of rail trans- 
portation. On the Lower Mississippi, for example, the two factors—Federal 
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expenditures and common carrier revenue—produce a ton-mile cost to the 
public of 12 or 13 mills as against a total cost of 9 or 10 mills for rail carriage. 

Any consideration of the feasibility of common-carrier traffic on the river by 
the use of private capital should include the experience of barge lines operating 
- between St. Louis, Mo., and New Orleans, from 1875 and 1903, as given by 
Professor Dixon. : 

The equipment appears to have been up to date for the time. The barges 
had a capacity of from 50 000 to 60 000 bushels of grain and the lines carried 
general merchandise as well. Fuel was carried for the round trip and prompt 
and reliable schedules were planned. One shipment in 1880 included: 6 757 bbl 
of flour, meal, and grits; 6 710 sacks of corn, oats, and bran; 1 500 packages of 
meat and lard; 150 bales of hay; and 24 992 bushels of bulk corn. In 1887, four 
lines were operating 16 towboats and 120 barges and were later consolidated 
into one company. 

For the seventeen years, 1887 to 1903, inclusive, the published rates on grain 
from St. Louis to Liverpool, England, by river via New Orleans, were from 5 to 
9 cts per bushel lower than those via rail to New York, N. Y., and, in the latter 
year, were 6 cts lower. Notwithstanding this differential, the movement of 
bulk grain by river showed a general decline after 1890, and by 1903, the barge 
lines seem to have passed out of the picture as an unprofitable investment. 

At present, grain is not an important part of river tonnage. In 1935, after 
eliminating the tonnage in foreign and coastwise commerce on the lower river, 
wheat, corn, rice, and all other grains form the following percentages of the 
total tonnage: Ohio, 0.05; Upper Mississippi, 4; Missouri, 0.8; and Lower 
Mississippi, 1.6. 

INTANGIBLES 


The suggestion is sometimes made, and at first glance appears pertinent, 
that consideration of expenditures that have already been made on the water- 
ways is ‘academic,’ apparently using the term in a somewhat disparaging sense. 
In effect, however, this suggestion is the same as stating that present and future 
action should ignore the experience of the past. 

It is also suggested, at first with apparent force, that although the existing 
investment in waterways may not have been wholly wise, this investment 
- should be preserved or “‘salvaged” by providing for its continued use. It is 
generally admitted that the United States has a very great surplus of transpor- 
tation facilities. In so far as transportation efficiency is in the public interest, 
the use of, and the addition to, the less efficient agency is a drain upon the na- 
tion’s resources and a check upon its total productivity. The real present 
_ question is not as to the salvage of an investment; it is as to the preference for 

the smaller and less efficiently functioning investment over the larger and 
more efficient. 

No agency of transportation, rail, water, or any other, regardless of invest- 
ment, should be preserved and fostered simply because of its past performance. 
If and when it becomes relatively inefficient, outmoded, and obsolete, the public 
interest requires that it be retired from use as rapidly as may be practicable. 
From the viewpoint of past performance, however, whatever it may be con- 
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sidered to be worth, there is something to be said for the rail carriers. In the 
words of the Mississippi Valley Committee: 


“A nation with our territorial extent, population, culture, and vital de- 
pendence of one section upon another, is unique. It has been made possible 
‘only by an elaborate and adequately supported railroad system. Therefore, 
any move, however desirable it may be in itself, which unduly infringes upon 
the serviceability of railroads, is to be deprecated.” 


SUMMARY 


Considerations of ‘‘romance and tradition,’ the emotional viewpoint, al- 
though based upon an essential part in the national life formerly played by the 
waterways of the Mississippi Valley, is no longer a sound basis for expenditures 
upon the improvement and maintenance of these waterways for transportation 

‘purposes. The justification of these expenditures in the public interest has 
been based upon the supposed necessity of transportation facilities additional 
and supplementary to an inadequate capacity of the rail carriers, and also upon 
the assumed necessity of improved rivers as competitors of the railroads and 
regulators of their rates. These considerations may or may not have been valid 
in the past. ‘To-day, they are no longer relevant; the public interest is based 
upon the relative economy of such available agencies of transportation as are 
capable of rendering a satisfactory service. 

The total unit cost of river transportation in the Valley, including that part 
of the cost paid by the taxpayers, is, in general, greater than the total unit cost 
of rail transportation. Due to the fixity of river location, any benefits of river 
improvement paid for from the National Treasury tend to accrue, not to the 
nation as a whole, but to special or localized industries and localities. 

The nation’s credit is of the highest and is expected to remain so. Conse- 
quently, public expenditures will have to be repaid, with interest, by taxation. 
Expenditures which are an exercise of a power of Government, rather than an 

_ exercise of one of its basic and essential functions, should rest upon a basis of 

economic justification. Otherwise, they constitute a levy upon the nation’s 
total consumption of goods and services. 


CONCLUSIONS 


—— 


The application of the foregoing to the matter of waterway improvement in 
the Valley would appear to prompt some such suggestions as the following: 


(1) Projects upon which the cost of Federal maintenance exceeds the cost of 
using other transportation facilities, should, if such other facilities are available 
‘and adequate, be retired forthwith, or be turned over to such local interests 
as may be able to operate and maintain them on an economic basis. 

(2) Projects upon which the cost of Federal maintenance is less than the 
cost of using other available facilities should, in justice to the taxpayers who 
provided and now support them, carry such service charges to the users as may 
be equitable in each individual case. 

(3) Additional expenditures should not be made except upon a basis of 
economic justification; a definite showing, after consideration of all costs 
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agencies. - 


In the words of the Mississippi Valley Committee: 


“It is believed that this phase of the subject has in some instances in t 
past been too lightly considered—if considered at all. Economic justification | 
should be definitely established early in the study of any proposed river or canal — 

_ improvement.” 
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MEASUREMENT OF DEBRIS-LADEN STREAM 
PLOW WITH CRITICAL-DEPTH FLUMES 


By A. G. WILM,? Esa., JOHN S. COTTON,” EsQ., AND 
HGesTOREY,” Esq: 


SYNOPSIS 


Heavy burdens of erosion débris in streams of the San Dimas Experimental 
Forest, in California, have been found to cause substantial errors in measure- 
ments of discharge at some of the gaging stations. Stream-flow records are 
kept at a number of points throughout the Experimental Forest. Further- 
more, there are two sets of triplicate water-sheds, each shed having an area 
somewhat less than 100 acres, immediately below each of which is located a 
Parshall flume, a V-notch weir, a small reservoir, and a flat-crested weir over 
the dam forming the reservoir. The flow from these water-sheds is first meas- 
ured through either the Parshall flumes or V-notch weirs, according to the 
volume of flow. Its débris content can then be measured in the reservoir, and 
the clear water can be measured as it passes over the flat-crested weir of the dam. 
However, there are numerous other points on the water-sheds below which 
the entire dependence is placed on the Parshall flumes or V-notch weirs 
for the determination of stream flow. Due to the presence of large quantities of 
eroded material in all heavy flows, the results at these points have been some- 
whaterratic. This was due largely to deposition of débris on the level approach 
~ to the throats of the Parshall flumes during the falling stages of the stream flow, 
and to the filling of the weir boxes with silt which soon put the V-notch weirs 
“out of commission.” 

The experiments described in this paper were conducted with the consulta- 
tion and under the supervision of E. W. Kramer, M. Am. Soc. C. E., as Re- 
gional Engineer (California Region, United States Forest Service) now (1937) 
Regional Director (Federal Power Commission, San Francisco, Calif.) and 
under the authority of Professor E. I. Kotok, Director, and C. J. Kraebel, 

1 Associate Silviculturist, California Forest and Range Experiment Station, U. 8. Forest Service, 
Berkeley, Calif. 


2 Superv. Engr., U. S. Forest Service, Dept. of Eng., California Region, San Francisco, Calif. 
3 Junior Geologist, California Forest and Range Experiment Station, U. 8. Forest Service, Berkeley, 


Calif 
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Project Leader, of the California Forest and Range Experiment Station (United 
States Forest Service). The objective was to improve the present gaging 
stations so that they would yield reasonably accurate results with bed-load 
material present in the stream measured. Included in the study were also 
tests of the Parshall flume as constructed in the Experimental Forest, to check 
its accuracy with clear and loaded flows. 


INTRODUCTION 


The California Forest and Range Experiment Station has instituted an 
intensive program of investigations for the purpose of solving problems con- 
cerning the inter-relationship of mountain vegetation and water, with the ob- 
jective of developing methods of water-shed management which should provide 
a maximum yield of usable water with a minimum of soilerosion. These studies 
are largely concentrated in the San Dimas Experimental Forest, a chaparral- 


Fie. 1.—Larce Gaaina Station, San Dimas ExpprRimentTAL Forest; PARSHALL FLUME AND 
90-DrGrEE V-NotcH WEIR 


covered mountain area of 17 000 acres in the San Gabriel Mountains, approxi- 
mately 30 miles east of Los Angeles, Calif. 

In connection with studies of other phases of the problems, analyses have 
been made of rainfall-run-off ratios in seventeen drainage basins of various 
areas, from 0.06 sq mile to 14.1 sq miles. 

Rainfall averages for these water-sheds, obtained by means of a system of 
nearly 400 standard rain gages and 15 intensity gages, are known to be accurate 
within 5 to 10% for the large areas, and from 8 to 5% for the small, intensively 
studied water-sheds. To date, fone stream-flow records hoe been of 
greatly inferior accuracy, due to the presence of quantities of eroded material in 
all storm peak flows. Deposition of this material results in erratic and unde- 
pendable volume measurements in the gaging stations, 


eet a 
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Sixteen of the seventeen gaging stations completed at present (1937) were 
constructed during the course of a single dry season from designs based on the 
best existing practice. (To the writers’ knowledge, no control flume or weir had 
been designed previous to this time, which would operate as well as the Parshall 
“flume in measuring silt-laden flows.) In each ease a Parshall flume,‘ of throat 

width (3 ft to 30 ft), sufficient to handle the largest probable flows, was built to 
operate in conjunction with a 90° V-notch weir, intended to measure small 
continuous flows. Measurement of water stages in each is made by a continu- 
ous time-stage recorder. 

In the design of Parshall flumes for the Experimental Forest, several minor 
modifications had been introduced, in order to increase their capacity and im- 
prove their efficiency in measuring silt-laden flows. The rising floor section 
down stream from the throat (see Fig. 1) was replaced by a downward sloping 
floor, the converging sections were lengthened, and the walls were increased in 
height. 

Storm flows during the first rainy season following construction soon demon- 
strated the inadequacy of this type of control in measuring flows containing a 
substantial bed load. Even small post-storm streams carried enough sand and 
gravel to fill weir boxes quickly, and to build up a deposit on the flume floors so 
that they no longer functioned as critical depth meters. It is believed that the 
flumes should still measure large flows with reasonable accuracy, as the effect 
of bed load would constitute a much smaller percentage ‘of the total flow; but 

‘as the stations stand at present they fail to give a satisfactory measurement of 
small and intermediate débris-laden flows, which form the run-off resulting 
from most storms. 

Below the gaging stations, at each of the smallest, intensively studied water- 
sheds, is a cement-lined débris reservoir. The water depths measured in this 
basin and over the broad-crested weir spillway afford an efficient check on 
stream-flow measurement, in some cases furnishing the only reliable data on 
flow from the water-sheds studied. 


PURPOSE OF THE INVESTIGATION 


At the request of the Regional Engineer, the experiments described in this 
paper were set up in March, 1935, with two major objectives: (1) To test the 
effect of construction modifications on the rating of Parshall flumes in the San 

Dimas area; and, (2) to adapt the present stations to measurement of flows of 
all sizes, either by improving the débris-transporting characteristics of the 
Parshall flume, or, failing this, by attempting to develop a control flume that 
would function satisfactorily under a wide range of conditions and might be 
used in conjunction with the present stations to measure flows of intermediate 
volume. 


EXPERIMENTAL EQUIPMENT 


Through the courtesy of the San Dimas Water Company and the Los 
Angeles County Flood Control District, water from the San Dimas (flood- 


«The Improved Venturi Flume,” by R. L. Parshall, Assoc. M. Am. Soc. C. E., Transactions, Am~ 
Soc. C. E., Vol. 89 (1926), p. 841. 
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235' 
LONGITUDINAL SECTION 


Fic. 2.—Pxian anv Section or San Dimas ExpERIMENTAL FLUME, SHOWING PORTION OF 
SHarp-EpGEp ConTrroL, WEIR, EXPERIMENTAL FLUMES, AND Rarr BAFFLES 


control) Reservoir was made available for experimental purposes, in any 
quantities desired up to 250 cu ft per sec. 

Below the outlet gates in this dam was constructed a water-tight timber 
flume, lined with tar-paper, 16 ft wide, 6.5 ft deep, and 80 ft long, beyond the 
end of a short concrete channel leading from the sluice-gates. At the end of this _ 
section of flume was installed a 16-ft sharp-edged, steel suppressed weir, set level 
with a maximum variation of + 0.001 ft. By the installation of additional 
bulkheads and short vertical sharp edges, this weir could be shortened to form 
a contracted weir of any desired length. 

Beyond the weir the structure was continued, narrowing to a width of 12 
ft, for 155 ft. At the weir, the floor of this section is 4.5 ft below that of the 


Fic. 3.—GnrNERAL Vinw or FLuMe As Fig. 4.—Watu or 5-Foot ParsHALL Fiums, SHoOwING 
Seen From Top or San Dimas Dam ARRANGEMENT OF Meta Srrips Usep in PLOTTING WATER 
Surrace Curves 
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weir channel; and a second drop of 6.8 ft occurs in the middle of the lower 
structure. Experimental flumes were installed here and at the down-stream 
end of the structure. Figs. 2 and 3 show the design and a general view of the 
entire installation. 

Water depths over the weir and at both experimental controls were measured 
in 1-ft iron stilling-wells, by means of milliammeter point gages designed by the 
Staff of the Experiment Station, and accurate within + 0.001 ft. In addition, 
water-surface curves were plotted by the use of metal strips tacked to the walls 
of the flumes being tested, at horizontal intervals of 1 ft and at vertical inter- 
vals of 0.1 ft (see Fig. 4). 


Controut FLUMES STUDIED 


In every test made, at least two flumes were rated simultaneously at the 
two stations constructed in the large test flume. Tests made with various 
experimental structures in the San Dimas test flume, listed in chronological 
order, and noting the length of weir used as a control for each test, are as 
follows: 


I.—Tests of Modified Parshall Flume.— 

(A) Five-foot flumes (rating with clear water), with 16-ft suppressed weir 
as control, using flows from 14.08 cu ft per sec to 234.5 cu ft per sec: (1) Same 
design as that adopted in the Experimental Forest gaging stations, with level 
floor in converging section; and (2) same design as that adopted in Experimental 
Forest gaging stations, except that the floor of the converging section was 
given a 5% slope. 
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SECTION B-B 


Fig. 5.—ParsHatt Dusicn, 45-DEGREE FILLETs IN A 1-Foor ParsHAaLL FLUME 


(B) One-foot flumes with 3-ft contracted weir as control, using flows from 
0.11 cu ft per sec to 16.0 cu ft per sec: (1) Rating with clear water: (q) Level 
floor in converging section; 45° wing-walls extended from up-stream end of 
flume to walls of 12-ft channel; (b) floor of converging section on 5% slope; 
(c) floor of converging section on 3% slope; (d) level approach floor, with fillets 


1264 DEBRIS-LADEN STREAM FLOW Papers 


installed on this floor from the throat back to the up-stream end of the flume, 
and set at an angle of 45° from the floor to the converging side walls (Section 
B-B Fig. 5). This fillet design was suggested by Mr. Parshall’ for the purpose 
of improving the efficiency with silt-laden flows; and (e) level floor in converging 
section, wing-walls extended parallel to each other from the up-stream end of 
the flume for 10 ft, instead of diverging as 45° wing-walls. (2) Rating with 
débris-laden flows: Same installations as in Item B-1. 

(C) Six-inch flume, with a 3-ft contracted weir as control, using flows from 
0.20 cu ft per sec to 2.71 cuft per sec. The purpose of this test was to ascertain 
the effect on the rating formula of entrance conditions radically different from 
standard. This flume was installed in the side of the main structure below the 
lower 1-ft flume, and with its axis at right angles to that of the main structure. 
The result was considerable turbulence and an abrupt change in flow direction. 

(D) Three-foot flumes with an 8-ft contracted weir as control, using flows 
from 0.62 cu ft per sec to 53.52 cu ft per sec: (1) Level floor, but with a series of 
low fillets along the floor. These fillets were triangular in cross-section, tapering 
in height from 4 in. at the up-stream end of the flume, to 1 in. at a point 1 ft up © 
stream from the flume throat. Sloping ramps were constructed on the ends 
of each fillet. 

II.—Experiments with Other Critical-Depth Flumes.—In the course of the 
studies, a new type of measuring flume was developed, which functions as a 
broad-crested weir in which water depths are measured at a point in the flume 
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SECTION A-A 


Fic. 6.—Grnerat Design ror SAN Dimas RECTANGULAR Contro.i-Drepra FLUME 


down stream of the section in which critical depths occur. In Fig. 6, for ex- - 
ample, 6; denotes width of measuring flume; b, = width of approach channel 
maximum flow 
5 by , 
L = length of the measuring flume = r + 2h, ; andr = radius of the transition 
= 6;. The object of this design is to provide for measurement of flow at critical 
or super-critical velocities, sufficient to transport débris rapidly through the 
flume and to keep its floor scoured clean. This flume differs in function, design, 


5 Memorandum concerning the effect of fillets placed against the walls of the converging section of a 


eh eo wiper a yay by Ralph L. Parshall, U. S. Bureau of Agricultural Engineering, Fort 


= 3b;; ha = height of structure in the approach channel = 
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and point of depth measurement from the Venturi flume described by H. K. 
Palmer and F. D. Bowlus, Members, Am. Soc. C. E.6 The meter described by 
Messrs. Palmer and Bowlus would not function satisfactorily for measuring flows 
containing bed-load, as measurements made up stream of the ‘‘critical” section 
“must necessarily be affected by changes in approach velocity, caused by deposi- 
tion of transported material in the back-water zone above the flume’s entrance 
transition. Because of the necessity of measuring loaded flows, no conven- 
‘tional broad-crested: weir could be used, as its contraction would soon become 

obliterated by accumulated débris. Therefore, a standard flume transition was 
constructed in the new flume to replace the bottom contraction. 


Fic. 7.—Vipw Facine Down STREAM; 1-Foor RecraneuLaR, CriTicaLt-DEPTH FLUME; 
Fiow, 2.71 Cusic FEET PER SEcOND 


The transition is the cylinder quadrant (see Fig. 7), described’ by Fred C. 
Scobey, M. Am. Soc. C. E., in 1933, with a radius of curvature equal to the 
width of the flume. This type of transition was adopted because of its simpli- 
city and relatively short length, and because, according to Mr. Scobey’s experi- 
ments, the head loss through it should, in most cases, be no greater than in 
more complex transitions, such as the reversed curve described® by Julian 
Hinds, M. Am. Soc. C. E., in 1928. : 
Below this transition the measuring flumes tested were either rectangular, as 
shown in Fig. 8, or trapezoidal in cross-section, with a floor laid ona3% grade. 
The trapezoidal flumes had a wall slope of 1 on 0.25 (see Fig. 9), the object of 


6 Transactions, Am. Soe. C. E., Vol. 101 (1936), p. 1195. ; 
ithe Blow of Water in Flumes,”’ by Fred C. Scobey, Technical Bulletin No. 393, U. 8. Dept. of 


Agriculture, December, 1933. a ; ; 
4 “The Hydraulic Design of Flume and Siphon Transition,’ by Julian Hinds, Transactions, Am, Soc, 


C. E., Vol. 92 (1928), pp. 1435-1439, 


a 
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this cross-section having been to increase capacity while retaining accutaay fox 
low flows, and to attempt to hold critical depths at points close to the “‘crest, 
or to the down-stream end of the entrance transition. 


Fic. 8.—TuHREE-Foot REcTANGULAR CRIT- Fic. 9.—Two-Foor TrapezoiaL CriticaLt-DppTH 
IcAL-DreptH FLumME; ViEWw Facine Up FiumeE; Fiow, .22.97 Cusic Frrr ppr SECOND 
StreAM; Fiow, 12.68 Cusic Frnr PER 
SECOND 


The up-stream end of the 3% floor in each flume is formed by a short ramp, 
carrying over on to a level approach floor. In the test flumes, the approach 
floor was covered with gravel at stream grade (about 3 per cent). Up stream 
from the transition, parallel or diverging wing-walls are carried back a short 
distance into the stream banks or, in the test flume, to the walls of the main 
structure. 

A 3% grade was chosen for the floor slope within the measuring flume so as 
to insure maintenance of stable flow conditions, well below critical depths, even 
for shallow flows of water containing sufficient débris to raise the coefficient of 
hydraulic friction of the flume as high as n = 0.025. Although this allowance 
may seem liberal, it was considered necessary because of present inadequate 
knowledge of the quantitative influences of transported material on flow 
characteristics in flumes. The only disadvantageous effect of such a floor slope 
lies in its increasing velocities which tend to reduce the sensitivity of the instru- 
ment to small changes in flow. This effect may be minimized, however, by 
locating the stilling-well inlet reasonably close to the section in which critical 
depths occur. Furthermore, any such reduction in depth variation per unit 
of volume variation is largely compensated in practice by the facts that any 
error in measurement of head causes only approximately 1.3 times that error in 
computed volume; and that velocity of approach has no effect, theoretically, 
upon the flume’s rating. ; 

Preliminary ratings have been made for three sizes of flume in both the 
rectangular and trapezoidal designs: 1, 2, and 3-ft widths in the former, and 
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0.5, 1, and 2-ft bottom widths in the latter. The 1-ft flumes were rated by 3-ft 


-and'8-ft weirs; the 8-ft weir was used also for the larger widths of the flume. 


_ A 1-ft rectangular flume with a level floor was also tested, in order to verify 


the similarity in discharge behavior between this type of control flume and a 
broad-crested weir. 


EXPERIMENTAL PROCEDURE 


In each test run, gate-openings in the dam were controlled by a staff member 


- of the Los Angeles County Flood Control District, who was in continuous com- 


munication with a co-ordinator at the test-flume structure. To start the run, 
the gate was opened enough to fill all the basins in the test-flume structure, and 
then lowered to a small fixed opening. When the flow had reached stability, as 
indicated by constant point-gage readings at the lowest experimental flume, a 
signal was given and six to ten depth readings were made by separate observers 


at each point-gage, noting times of reading to the nearest + min. Other ob- 


servers plotted the water-surface curves in each flume being rated, and recorded 


the water depths in the channels up stream. Staff gage readings were also 


taken at the weir as a check on the point-gage, and current-meter velocities for 
the larger flows were measured to check the weir rating. After the completion 
of point-gage readings for each stabilized flow, the gate-opening was increased 
and the entire operation repeated until enough different volumes had been 
measured to insure the procurement of reliable rating curves. For the 6-in. 
Parshall flume only seven points could be taken; but for each of the others ten 
to fifteen separate volumes were measured. 

Complete stability of flow through the gate was insured by the large head 
of water available behind the dam. Formulas used for the control weirs were: 


For the 16-ft weir (Bazin’s formula): 


= (040s + 200884) (1 + o5| Fg |) 2 20m A (1) 


and, for 8-ft and 3-ft contracted weirs: 


Q.F13838CD = 0.20) Mt ii. cakes + eh cele (2) 


in which Z = the height of the crest above the bottom of the channel. Al- 
though no volumetric or other completely reliable rating could be made of these 
weirs, their accuracy is believed to be well within limits required for the study 
(+ 2% to 3%), as demonstrated by their close correspondence with volumes 
computed from current-meter measurements, and by the agreement of observed 
discharges with points determined by formula. 

In testing the behavior of débris-laden flows in the small Parshall and rec- 
tangular San Dimas flumes, a stream-bed mixture of gravel and sand was 
dumped as rapidly and continuously as possible by six men with two wheel- 
barrows into the channels just up stream from the flumes tested. In each case, 
water depths in the flumes were measured first with a stabilized flow of 
clear water; then, with the same rate of flow, débris was added as rapidly as 
possible, and the depths were remeasured. 
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Later, in testing the trapezoidal San Dimas flumes, bed-load material was 
added from large bunkers constructed above the flume structure just up stream 
from each flume. It was found difficult, however, to feed the débris uni- 
formly from the bunkers, because the material became packed. 

In computing results, all point-gage readings for each stabilized flow were 
averaged and checked with the corresponding staff-gage reading or the water- 
surface curve, and rating curves and formulas were obtained from the resulting 
average points, Variation of individual readings from their average seldom 
exceeded 0.01 ft. 

Computations were made of velocities and energy gradients within each 
flume, in order to determine energy losses attributable to the transition and to 
friction and turbulence within the flume. The results were not satisfactory, 
probably owing to centrifugal effects in curved flow. However, as nearly as 
could be determined, losses through the transition and flume appear to be small. 

All calculations were made with a 50-in. slide-rule and an electric calculator. 
Computed discharges obtained by ‘‘least squares’? were checked against a 
straight line drawn through logarithmically plotted, observed discharges. 


RESULTS 

Rating curves and formulas were computed for the flumes tested, and com- 
pared with Parshall’s ratings of his flumes. The significant results of the ex- 
periment are shown in Tables 1 to 7, and summarized as follows. 

Modified Parshall. Flumes with Level Floor in Converging Section.— 

(a) The logarithms of all rating points fit a straight line closely, with devia- 
tions which exceed 5% only in the 6-in. flume. 

(6b) For a 6-in. flume, 

Q = 213 Ft ee oe (3) 


Increasing the length of the entrance section of the Parshall flume and depress- 
ing the floor of the outlet section have little effect, if any, on the discharge 
characteristics of the flume. 
(c) Flow in Parshall flumes, at depths as great as twice those originally 
rated, conformed with no increased error to computed rating formulas. 
Alterations of the Parshall Flume.—The rating with clear water may be 
described as follows: 


(1) A 3% to 5% slope in the floor of the converging section resulted in 
shooting flow at low stages. As depths were increased a hydraulic jump passed 
through the flume. All larger quantities flowed at depths greater than the 
critical, giving smooth rating curves with discharges for all heads considerably 
higher than standard. 

(2) Introduction of fillets of either design resulted in discharges somewhat in 
excess of standard ratings. In the 3-ft flume with multiple fillets, low flows oc- 
curred at shooting velocities, and at all stages a slight drop was peter ae at 
the up-stream end of the fillets. 

Effect of Débris on the Altered Flumes.—Excellent transportation of bed-load 
resulted as long as shooting velocities occurred. At higher stages, however, 
with normally slow velocities, débris movement was greatly reduced. ‘The 
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a 

ez introduction of fillets somewhat improved the transportation of fine material, 

but failed to be effective for bed-load ranging above fine gravel in coarseness. 
When bed-load was present in the flow, observed discharges were erratically 

in excess of normal values for the flumes at all stages tested (see Table 1). 


TABLE 1.—Errect or Diésris-LAaDEN Ftows Upon RatTING OF 
MEASURING FLUMES 


2 Rare or Fiow, Q, 1N Rats or Fiow, Q, IN 
a Ob- Cusic Frnt ppr SECOND Ob- Cusic Frrr ppR SECOND 
served Per- served |————_—__——__| Per- 
Read-| up- 4 cent- ||Read-| up- 3 cent- 
ing om Ried age ing | stream pers age 
oO. ead, devia- || No. | head, ion ar 
Hain | Ob-_| Com- | (Column hon ; eae Ope. | Come. | (Column) “ae 
Peak served* | puted* | (2)— feet | Served* puted* | (2)— 3 
Column Column 
(3)) (3)) 


qd) (2) (3) (4) (5) (1) (2) (3) (4) (5) 


4 
(a) Onu-Foor PaRsHALL FLUME, 3% Foor, 1N || (c) THres-Foot ParsHALL FLUME WITH MULTIPLE 
CoNVERGING SECTION FILuLETs 


10 0.646 2.75 2.45 +0.30 | +12.2 || 15a | 0.966 13.73 11.85 +1.88 | +15.9 
7 0.885 3.83 3.94 —0.11' | — 2.8 || 14@ | 1.131 16.11 15.15 +0.96 | + 6.3 
8 1.295 12.10 6.67 +5.43 | +81 18a | 1.388 21.383 | 20.75 +0.58 | + 2.8 
9 1.456 9.76 7.83 +1.93 | +25 

(b) Onn-Foor San Dimas Criticat-Dppra Fiums, |} (d) Tures-Foot San Dimas Criticat-DePTu 

3% FLoor Fiums, 3% GRADB 

ily 0.693 3.89 3.90 —0.01 | — 0.3 |} 15a | 0.683 13.73 13.80 —0.07 | — 0.5 
19 1.341 9.37 9.37 0.00 0.07|| 14a | 0.780 16.11 16.32 | —0.21 | — 1.3 
20 1.645 2A 12.31 —0.20 | — 1.67|| 13a | 0.968 | 21.33 | 21.41 —0.08 | — 0.4 


* Observed head is for flows containing bed-load material; observed discharge is based on control-weir 
measurements; and computed discharge is based on San Dimas ratings for clear water. + Channel above 


flume built up to 25% with bed-load material. 

These findings support field observations made at Experimental Forest gaging 
stations, where it was found that bed-loads are transported through Parshall 
flumes only at high discharges. Low flows carrying loads cause deposits of 


Depth, in Feet 


Distance, in Feet 


HALF PLAN OF FLUME: 


Fic. 10.—Water SuRFAcH CURVES FOR A j-Foor RECTANGULAR, 
Criticat-DeptaH FLUME WITH L»vEL FLOOR 


floors of all these flumes, and prohibit the use 


sand and gravel on the approach : ) 
These facts result in serious errors and 


of notch weirs by similar deposition. 
gaps in flow records. 


a 
§ 
1270 . DEBRIS-LADEN STREAM FLOW Papers 
High-Velocity Flumes (San Dimas Design).—Surface waves occurred in 
this flume (see Fig. 10), because a level floor does not supply gravitational en- 
ergy to replace that lost in friction; therefore, the depths fluctuated at about 
the critical, within the flume. The resulting points lie on either side of a curve 
represented by the formula, ‘ 


which is the theoretical formula for a broad-crested weir. The rating is un- 
satisfactory, as deviations of individual points from the curve are as great as 
15% (see Fig. 11). Furthermore, addition of débris immediately caused the 
flow to jump above the critical depth down stream of the transition. 


oints 


4 6 
Rate of Flow, in Cubic Feet per Second 


Fig. 11.—Ratine Curve ror a 1-Foor RECTANGULAR, CrITICAL-DEPTH 
FLuME witH LEvEL FLoor 


As shown in Fig. 10, critical depths lay at points near the middle of the 
flume, where relatively parallel flow occurred. For the measurement of clear 
flows it might be feasible to use a flume similar to the San Dimas design, but 
with its floor set at a critical slope, so that parallel flow would be established at 
the critical depth and a rational formula might be applied. However, flow in 
such a flume would be very sensitive to small changes in floor friction or to the 
addition of silt or detritus, and any of these factors would result in unstable 
flow conditions. 

Rectangular Cross-Section, 3% Flume Floor—Table 2 shows observed and 
computed discharges for the 1, 2, and 3-ft rectangular flumes. With a small 
correction for changes in unit friction in different flume widths, these flumes gave 
the same general rating formula when water depths were measured at the same 
distance (3.0 ft) from the crest (down-stream end of the entrance transition), 
This piezometer location was chosen as the closest distance from the crest, 
which still remains down stream of the zone of critical depths at the highest 
water-stages measured in these flumes. 

This formula follows the theoretical form, 


Q= Vg CBHi 


in which C = an empirical constant to correct for the effects of floor slope and 
of energy losses in the flume. Based on present tentative ratings for flumes in 
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a, 
a 2, AND 3-Foot RecTanauLaR San Dimas FLUMES 
2 
es Rate or Frow, Q, IN Rats or Fiow, Q, In 
ia: Ob- Cusic FEET PER SECOND Ob Cusic Fre? ppr SECOND 
<3 served Per- Dans 
 Read-| up- 2 eent- ||Read- pepe pt 
ie Bee pean Davie age ing | stream Devia- age 
Be No. | bead | oy | Com | Column| 22% || No- | heeds | op. | Gom- |(Column| 26722" 
‘£ a served | puted | (2)— ae oye won 
a feet i feet served | puted (2) — 
i oLumn Column 
ed (3)) (3)) 
ws (1) (2) (3) (4) (5) (1) (2) (3) (4) (5) 
« (a) One-Foor Fume: (Equation (9a)) (b) Two-Foor Fiumn: (Equation (9b)) (Continued) 
2 | Que) 8m | 88 | 98) s8i8) b | tae | eet | ae | tee | 8K 
F le . . A . * . = —VU.40 
4 | 0.533 | 2.71 2.76 | +0.05 | +1.85 7 | 1.533 | 22.38 | 22.51 | +0.13 | +0.58 
; 5 | 0.773 | 4.54 | 4.52 | —0.02 | —0.44 g | 1.741 | 26.20 | 26.49 | +0.29 | 41.11 
4 6 0.958 5.98 5.98 1090 pone 9 | 2.262 | 36.49 | 37.00 | +0.51 | +1.40 
> 3s| 1260 | se1 | 862 | +0.01 | +0.12 
cog S eH +a ca an oo) oa (c) TarEen-Foor Fiums: (Equation (9c)) 
11 | 1.599 | 11.85 | 11.81 | —0.04 | —0.34 
3 0.131 1.53 1.57 $0.04 +2.61 
2 “315 : AT 0.1 3.96 
(b) Two-Foor Frumu: (EquaTION (9b)) 1 0.523 8.94 8.88 aps vanes 
4 | 0.541 | 9.27 | 9.25 | —0.02 | —0.22 
3 | 0.188 1.53 | 1.55 | +0.02 | +1.31 O80! ae 1793 By: 1030 
> | o4ss | 454 |. £58-| 40.01 | 40.22 || 7 | 1.105 | 22.38 | 22.53 40.15 | +0.67 
4 | 0.759 9.27 | 9.17 | —0.10 | +1.08 gs | 1.256 | 26.20 | 26.43 | +0.23 | +0.88 
9 | 1.638 | 36.49 | 36.80 | +0.31 | +0.85 
10 | 2145 | 51.43 | 51.44 | +0.01 | +0.02 
1-ft to 3-ft widths, the general formula is as follows: 
* 
- 0.040 
Ree Ags ew a ON BHR sc etek: cera ses Shae (6) 
H79-179 B9.320 


Supplying the value for B in 1, 2, and 3-ft flume widths, simplified expressions 
of Equation (5) are: 


For the 1-ft flume: 


eG BORE Ske SRE. 05k oi, eth ERE (7a) 
for the 2-ft flume: 
Ce TROD re ras Wah ee ates OSE oh aie soit ass (7b) 
and, for the 3-ft flume: 
Q = 19. GOT oie ood ee ed eee ae (7c) 


The corresponding rating curves are plotted in Fig. 12. 

On the basis of computed deviations based on stilling-well readings, it is 
considered conservative to believe that this type of control flume should be at 
least as accurate for field measurements, especially of débris-laden flows, as 
any standard measuring device now in use. However, final conclusions as to 
its accuracy and the applicability of the general formula must be reserved, 
pending final rating of the flume in smaller and larger sizes. 
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Standard Deviation =+ 1.57% 
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Fie. 12.—Ratine Curves ror RECTANGULAR, CRITICAL-DEPpTH FLUMES 


Computed critical depths lie on the curved water surfaces (see Fig. 13) 
down stream of the transition. A line drawn through these depths is relatively 
straight, but lies at an angle of approximately 30° from the vertical. These 
results are similar to the findings of J.G. Woodburn,® Assoc. M. Am. Soc. C. E., 
when he tested broad-crested weirs with a crest slope of 2.6 percent. Inthe San 


(a) ON ei FLUME 
2 


Stage 12 
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Height above Bottom of Flume, in Feet 
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ae 
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Fia. 13,—Warter-Surracs Curves ror RECTANGULAR, CRITICAL-DEpTH FLUMES 


o ‘. 
s ane Tests of Broad-Crested Weirs,” by J. G. Woodburn, Transactions, Am, Soo. C. E., Vol. 96 (1932), 
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_ Dimas flume, true critical depths, as indicated by the inversion of water-surface 
~ eurvature (Fig. 13), actually lie closer than computed to a line vertically above 
the down-stream end of the entrance transition. These locations were roughly 
verified by computation of the true critical depths, attempting to correct ap- 


_ proximately for centrifugal action in curved flow. 


The remaining slope from the vertical of a line through true critical depths 
may be due to shortness of the intake transition. It is believed that critical 
depths would remain closer to the ‘‘crest”’ if the transition were more gradual. 
This belief is borne out by the locations of critical depths in the Parshall flume, 
and on broad-crested weirs with gently sloping ramp approaches, as tested by 
A. R. Webb, M. Am. Soc. C.-E.1° 

The addition of as much débris as could be fed continuously to these flumes 
had very slight effect on their ratings (see Table 1). All grades of material from 
sand to angular stones as large as 10 in. in diameter passed through rapidly, 
with no deposition on the floor. A 4-ft San Dimas flume has been in operation 
during the rainy seasons of 1935-36 and 1936-37 in a stream in the Experi- 
mental Forest which carries bed-loads estimated at quantities up to 10% of 
the flow. This flume has remained clean of débris deposits and has shown uni- 
form flow characteristics throughout this period. A 2-ft flume, similarly in- 
stalled, has given excellent records for one season, in a stream carrying heavy 
loads of material eroded from road fills. 

Flow in the experimental flumes was not affected by velocity of approach 
or by back-water causing a jump within the flume, as long as the jump re- 
mained down stream of the stilling-well inlet. In one test, the stream bed up 
stream of the fume was built up with gravel to a 25% grade. Although there 
were shooting velocities in this channel section, a jump occurred above the 
transition, a hydraulic drop within the cylindrical entrance, and measured 
heads in the flume were identical with those recorded under standard conditions. 
A hydraulic jump caused by obstacles held in the flume exit also had no effect 
on depths at the stilling-well inlet. 

Trapezoidal Cross-Section, 8% Flume Floor.—These flumes, tested in bottom 
widths of 0.5, 1.0, and 2.0 ft, exhibited characteristics similar to those of the 
rectangular flume, in that flow within the flumes remained well below critical 
depths at all stages measured, and the addition of bed-load apparently had little 
or no effect upon their rating. However, unstable flow conditions, expressed in 
surface waves, persisted in this shape of flume at all stages and in all three 
flume widths. The result was undesirable variation of observed flow from 
computed flow values. In Table 3, the equations for the 6-in., 1-ft, and 2-ft 
flumes were: 


For the 6-in. flume, 


0; STAD HF 8 1 iraianile cin el eet (8a) 
for the 1-ft flume, 

Gi= 9:60 H's. satay: Ha odes ue (8b) 
and, for the 2-ft flume, 

Q =e S 10BEO oe Posie eee cer (8c) 


10 ‘Supplemental Tests—Weirs with Aprons Inclined Up Stream and Rown Stream,” by A. R. Webb, 
Transactions, Am. Soc, C, E., Vel. 96 (1982), PP. 408-416. 


5 


1274 DEBRIS-LADEN STREAM FLOW Papers” 


These fluctuations may have been caused by over-abruptness of the conical | 


entrance transition. : 
Critical depths deviated in this type of flume just as far from the vertical 


as in the rectangular flume. 


TABLE 3.—ComparRISON OF COMPUTED WITH OBSERVED DISCHARGES FOR 
6-Incu, 1-Foor, anp 2-Foot Criticat-DepTH FLumes: TRAPEZOIDAL 
CroOss-SECTION 


Rate or Fiow, Q, IN Rate or Fiow, Q, IN 
Ob- Cusic Frrt par SECOND Ob- Cusic Fret rer SECOND 
served nea served |_—————_—___—__—__ Ee. 
d- - Per- ead-| up- . cent- 
en the a i her cent- ing eres athe nee 
NG. ren Ob- Com- | (Column wae os Ha.ih Ob- Com- (Golan pie 
en served | puted alae tion feet served | puted a i 
(3)) (3)) 
(1) (2) (3) (4) (5) (1) (2) (3) (4) (5) 
(a) Stx-IncH Fiume: (Equation (10a)) (b) Onn-Foot Fiumm: (Equation (10b)) (Continued) 
3 0.326 0.802 0.792 | —0.010 | —1.2 9 1.777 | 22.97 22.10 —0.87 —3.8 
2 0.481 1.389 1.434 | +0.045 | +3.2 10 2.177 | 31.26 29.60 —1.66 —5.3 
1 0.932 3.918 | 3.951 | +0.033 | +0.8 
4 1.509 8.488 | 8.272 | —0.216] —2.5 
(c) Two-Foot Fiume: (EquaTIOoN (10c)) 
(b) Onz-Foor FiumMeE: (Equation (10b)) 
3 0.125 0.802 0.740 | —0.06 —7.5 
2 0.192 1.389 1.374 | —0.02 —14 
3 0.172 0.802 | 0.749 | —0.05 —6.6 1 0.390 3.918 3.850 | —0.07 —1.8 
2 0.266 1.389 1.411 | +0.02 +1.4 12 0.480 5.290 5.210 | —0.08 —1.5 
1 | 0.559 | 3.918 | 4.137 | 40.22 | +5.6 4 | 0.682 | 8.488 | 8.668 | +0.18 | +2.1 
4 0.947 8.488 | 8.880 | +0.39 +4.6 5 0.762 9.86 10.18 +0.32 +3.2 
5 1.041 9.86 10.18 +0.32 +3.2 6 0.816 | 10.98 11.25 +0.27 +2.5 
6 1.112 | 10.98 11.19 +0.21 +1.9 Ch 0.944 | 13.73 13.89 +0.16 +1.2 
th 1.269 | 13.73 13.56 —0.17 —1.2 8 1.094 | 17.24 17.20 —0.04 —0.2 
8 1.464 | 17.24 16.68 —0.56 —3.2 9 1.324 | 22.97 22.70 —0.27 —1.2 
10 1.631 | 31.26 30.70 —0.56 —1.8 
11 2.490 | 58.09 56.70 —1.39 —2.4 


SUMMARY OF CONCLUSIONS 


Conclusions drawn from these experiments may be summarized briefly as 
follows: 


(1) Construction modifications used in Parshall flumes on the San Dimas 
area have a negligible effect on their rating. The results indicate that the 
Parshall flume gives accurate measurements of clear water or flows containing 
loads of fine material, and is reasonably accurate for measuring large flows with 
bed-load. 

(2) Presence of bed-load substantially influences the rating of Parshall. 
flumes at low stages, although the resulting errors at high flows appear to be 
small. 

(3) No alterations introduced into the Parshall flume succeeded in ma- 
terially improving its accuracy in measuring small and intermediate flows con- 
taining bed-load. 

(4) A new design of critical-depth flume was developed, which appears to 
give accurate measurements of discharge and ‘to be unaffected by velocity of — 
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approach or presence of bed-load. This flume functions as a broad-crested 


_weir in which a cylinder-quadrant transition is used in place of the conventional 


contraction. Depth measurements are made down stream of the “‘critical”’ 
section, where rapid flow occurs. A tentative rating has been established for 
three widths and a general formula computed. 

(5) Use of this type of flume in conjunction with the present San Dimas 
stations should make possible the measurement, with reasonable accuracy, of 


- small and intermediate loaded flows which at present fail to be measured be- 
— cause of débris deposition in weir boxes and in the Parshall flumes. 


FurTHER EXPERIMENTATION 


Completion of experiments with the San Dimas flume involves model 


studies to perfect its design, and more detailed quantitative investigation of 


the flow characteristics of the flume in transportation of bed-loads. The model 
studies are largely completed, and the results will appear in the closing discus- 
sion. For bed-load studies an experimental flume structure is being constructed, 


- in which flows containing up to 25% of bed-load material can be circulated 


continuously. 
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PRE-STRESSED REINFORCED CONCRETE AND 


ITS POSSIBILITIES FOR BRIDGE 
CONSTRUCTION 
¢ By IvAN A. Rosov,? M. Am. Soc. C. E. 


/ SYNOPSIS 


This paper contains a brief citation of uses made of pre-stressed steel 
reinforcement in the past and the development of formulas for the solution of 
special cases. The symbols are defined where they first occur and are summa- 


rized for reference in the Appendix. 


INTRODUCTION 


It is customary to consider that the complex, non-homogeneous nature of 
reinforced concrete is its greatest disadvantage. It is impossible to utilize the 
strength of steel and of concrete, in the same structural member, with the same 
degree of economy. In parts of a structure where compression predominates 

the steel is always understressed, and when tension predominates the designer 
nearly always assumes that the steel resists all of it. The tensile stress in 
concrete often exceeds the ultimate, and the resulting cracks are a particularly 
undesirable characteristic of reinforced concrete. Although such cracks may 
not immediately endanger the stability of the structure (since the steel resists 
all the tension), they permit the structure to be destroyed gradually—the 
concrete by chemical reaction and the steel by corrosion. 

On the other hand, the very difference between the two materials can be 
utilized to the advantage of reinforced concrete structures over all-steel struc- 
tures. The reinforcement can be designed so as to confine the deformation of 
concrete within reasonable limits, or, conversely, to produce stresses in the 
concrete that will act in the proper direction. If it is desired to counterbalance 
some of the deformations in steel that are expected to occur under the action of 
working loads, a preliminary stress may be imposed upon the concrete. 

This idea of restraining the effects of stress in either material has been 
accepted as a possibility since reinforced concrete was first introduced, and 
several structures have been built according to this principle. Only in later 
years, however, have designers begun an extensive and far-reaching study of all 


1 Asst. Engr., New York City Tunnel Authority, New York, Nees 


a 
7 
% 


1278 PRE-STRESSED REINFORCED CONCRETE Papers 


the possibilities for the purpose of utilizing it consistently in structural design 
and construction. One method of restraining deformations may be illustrated 
by the case of a concrete column with spiral reinforcement, which, for all 
practical purposes, is the same as a steel ‘‘envelope” that prevents the member 
from bulging laterally under axial loads. The same effect can be produced by 
steel reinforcement arranged transversely in a structural member so that its 
bond with the concrete will serve to establish resistance to deformation in that 
direction. In this case the external restraining forces exerted by the ‘“en- 
velopes” are replaced by the internal forces in the steel. The workability of 
this principle has been proved by the results of tests? conducted by M. Caquot 
and P. Brice. These investigators found that any type of transverse reinforce- 
ment increases the ultimate compressive strength of concrete in so far as it 
tends to retard lateral bulging due to axial pressure. Similarly, E. Freyssinet* 
has made concrete that resisted, safely, the lateral bulging caused by axial 
pressures of 3 550 lb per sq in. He found also that the best type of reinforce- 
ment for this purpose is two series of parallel wires set in planes normal to the 
axis of the loads and tied by semi-circular steel bars. 

Another general method of changing deformations of either material in a 
desired manner may be described broadly under the term, ‘‘pre-stressing.”” A 
brilliant demonstration of the advantages of this idea is afforded by experience 
gained in constructing the Albert Louppe Bridge, in France,‘ and the bridge 
across the Rogue River, in the United States. Pressure exerted by means of 
jacks at key points along the arches had the effect of eliminating the shrinkage 
stresses and this decreased, materially, the dimensions of the arches. 

The principle of pre-stressing was used by A. Mesnager and T. Vevriers in 
1930, and, in this case, was applied both to the concrete and to the steel 
separately. The arches of the bridge® at Vesinet, France, are reinforced by 
steel tubes, thick enough to constitute a considerable percentage of the cross- 
sectional area. Ordinarily, shrinkage stresses would have stressed the steel to 
12 000 Ib per sq in., but, by exerting a pull on the tubes and, simultaneously, a 
pressure on the concrete within the tubes, the shrinkage stresses were canceled. 
In other words, when the concrete had shrunk, the preliminary stresses in the 
steel tubes had disappeared, and the full strength of the metal was utilized to 
resist loading. 

The next progressive step would be to increase the preliminary stresses 
sufficiently to have a residual stress even after the shrinkage stresses have 
canceled it partly. This would have the effect of introducing known internal 
stresses in a structure at previously (and precisely) determined points. 

An example of the manner in which this principle is applied to reservoirs was 
published’ in 1933. The circular concrete wall of the reservoir is fitted with a 
series of circumferential rings, and these rings finally are covered with a layer of 
concrete, leaving the connecting turnbuckles revealed. As the water rises in 


2 Structural Engineer, June, 1931. ~ 

3 Memoires de la Société des Ingénieurs Civils de France, July-August, 1930. 

4 Le Génie Civil, October 4, 1930. 

5 Engineering News-Record, 1931, No. 26. 

5 Le Génie Civil, January 17, 1931; also, Engineering and Contracting, August, 1931. 
7 Engineering News-Record, February 16, 1933. 
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__ the reservoir tensile stresses develop in the concrete, which are counterbalanced 


__ by the pressure introduced in the steel hoops by means of the turnbuckle. In 
_ this manner the compression may be made to balance the tension in the 
_ concrete, thus safeguarding the structure against the effects of cracking and 
leaking. 
This type of structure, resembling ordinary wooden tanks in principle, has 
_ recently been used quite extensively,’ and with good results. The bond be- 
- tween the concrete and the steel is destroyed by coating the latter with a 
- special asphaltic compound and the circumferential rods slip freely while 
strained by turnbuckles.? The same idea has been used for pipes, with equal 
success. 
In Europe, the practice of prestressing does not involve destroying the bond, 
which conserves the character of the reinforced concrete as a structural unit and 
distributes the effect of the prestressing uniformly all over the length of the 
_ structure. In this manner, Professor F. Emperger applied the principle of the 
- prestressing to precast pipes, and HE. Freyssinet to pipes, posts, foundations ete. 
j It should be possible to prevent deformation in many other kinds of struc- 
tures, by pre-stressing the materials of which they are composed. E. Freyssinet 
has stated his conclusion that reinforced concrete bridges of spans as great as 
3 300 ft are possible in this manner. The development of structures of this 
kind may not be the problem of most immediate concern, bit in ordinary 
engineering practice there is a wide field for economy and improvement in 
design by a proper application of the pre-stressing principle. 


Pre-StrREsSsSED BRIDGE STRUCTURES 


Only simple slabs, beams, and girders are treated in this paper, because 
they are the structural elements that lend themselves most easily to pre-stressing, 
and in which the results are obvious and most interesting. The reinforcement 
along the tension face is straight and can be stretched by means of a simple 
device before the concrete is poured. After the concrete has set the tension is 
removed from the reinforcement, which then tends to return to its normal 
length. The result is that, through the bond between the reinforcement and 
the concrete, an internal force is created which, in turn, resists the deformation 
due to the application of external forces when the structural member is put to 
its final use. With respect to the concrete alone, of course, the bond in the steel 
constitutes an external force, and the amount of this force that remains after the 


3 : ae 
concrete has set may be computed if the relation, n = 7 8 known. 


The effect of pre-stressing is opposite to that of the final loading (see Fig. 1). 
Obviously, it is possible to pre-stress a structural member in such a way that 
the working load would never produce stresses great enough to cancel the 
internal stresses entirely. In that case, the cross-section of the beam (see 
Fig. 1(c)) would be entirely in. compression. 

Since there is no tension in the beam, any cracks that tend to form as a 
result of shrinkage, or other causes, are automatically closed by the pressure of 


8 Engineering N. ews-Record, April 16, 1936. 
9“ The Preload System of Concrete Construction,” by J. M. Crom. 
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the steel reinforcement. The net effect is to eliminate the most serious causes 
of deterioration in concrete, namely, penetration of water or gas and the rust- 
ing of the steel reinforcement. Furthermore, the entire cross-section of the 
conerete becomes effective in compression. Under such ideal conditions the 


Pre-Stressing 
Force 


(2) PRE-STRESS (6) EXTERNAL (c) TOTAL 
LOADS STRESSES 


Fie. 1.—Srresses 1N A Pre-Stressep Bram 


dimensions of reinforced concrete members may sometimes be decreased as much 
as 50 per cent. The dead load is much more important in concrete structures 
than in steel frame structures. For larger spans the weight of a bridge, for ex- 
ample, increases so rapidly as to prohibit the use of reinforced concrete. By pre- 
stressing the reinforcement, as suggested herein, thus reducing the sectional 
dimensions appreciably, the limiting span for reinforced concrete structures can 
be increased considerably. 

The foregoing ideas, as applied to the introduction of initial stresses in a 
beam, are not new. As early as in 1907 Lund and Koenen" proposed placing 
the tensile steel in tension before placing the concrete. Bending tests with 
beams submitted to an initial tension of 8 500 lb per sq in. showed that the first 
cracks appeared when the loads exceeded by about 50% those corresponding to 
beams made in the ordinary manner; but the efficacy of the beams decreased 
greatly as time passed. 

Some other attempts also failed because the preliminary stresses in the steel 
were not sufficient to create the desired results. Steel that has a yield point 
from 33000 to 40000 lb per sq in., ordinarily has an assumed allowable 
stress from 16 000 to 20 000 lb per sq in., so that the bars cannot be stressed to 
more than 10 000 1b persqin. In some cases this degree of pre-stressing could 
not even offset the effect of accidental errors. Even the largest permissible stress 
imposed on the reinforcement, in such cases, would require too much steel in 
order to create internal stresses in the concrete sufficient to afford a saving in 
material. In later years, however, steel has been developed with an ultimate 
strength of as much as 140 000 lb per sq in., with yield point stresses as great as 
110 000 lb per sq in., and the prices for this high-strength steel differ only a 
trifle from those of ordinary structural steel. By hardening and annealing a 
cold-drawn steel, and then cold drawing it again, it is possible to raise the yield 
point to from 185 000 to 198 000 lb per sq in. 

In steel structures the alloys that are brittle and lack plasticity are avoided. 
Steel members with large and irregular sections can be damaged during the 


Re aan 
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cooling if the alloys are too brittle. In concrete structures it is the concrete 
that provides the plastic element to the structure. On the other hand, small 
cross-sectional dimensions of reinforcement bars prevent damage, when such 
bars are cooled. 

E. Freyssinet prestresses reinforcement so as to impose tension to between 
one-half and one-third of the elastic limit of the metal. A rod with a yield 
point of 120 000 lb per sq in. may be prestressed safely to as much as 80 000 
Ib per sq in., and with material of this high strength it is possible to utilize the 
advantages of prestressing for bridge construction. However, as far as the 
writer is aware, the only actual attempt in this direction has been the con- 
struction of a large-scale model of a girder by a German concern which, in 1936, 
tested a model 65.5 ft long. 


Basic REQUIREMENT OF THE PRE-STRESSED DESIGN 

The most important difference between an ordinary design of reinforced 
concrete and the ‘“‘pre-stressed”’ design is that in the latter all the concrete in 
any cross-section may be kept in compression. 

If external forces produce tensile stresses, they are treated merely as 
negative stresses, serving to decrease the compression created by the pre- 
stressed reinforcement. The entire cross-section of the concrete is considered 
effective in compression. The imposition of initial stresses should be con- 
sidered in three successive stages, as follows: 


Stage (1).—Before concrete is poured an external tensile force is applied 
mechanically to the reinforcement. This force may be termed the “ prelimi- 
nary” tension. After concrete has been poured, the effect of shrinkage is to 
restore the length of the deformed bar to a certain extent, thus releasing a part 
of the preliminary tension. On the other hand, the concrete is not permitted 
to shrink to its fullest extent, and bond stresses are created between the steel 
and the concrete, which have the effect of introducing an eccentric external 
force. Stresses from this source are not great, compared with those due to 
external loading, and they are not considered in ordinary design. No con- 
sideration is needed, and for the pre-stressed beam, the period in which the 
concrete is setting is the only time in which it is under slight tension. 

Stage (2).—After the concrete has set, the preliminary tensile force is 
removed from the reinforcement, which then tends to shorten to its original 
length and is prevented from doing so only by the concrete; in this process, the 
shrinkage stresses are eliminated, leaving a residual eccentric force to act against 
the external forces that may be applied to the beam later. This eccentric force 
produces a direct pressure and a bending moment in the beam. If the bottom 
reinforcement is prestressed the effect is to introduce tension at the top, which, 
in turn, is offset by the dead weight of the beam; but before the initial pull is 
released from the reinforcement, this dead load is supported by forms and 
timbering. Upon release the beam bends upward, becoming loosened from the 
forms, and rests on its ends. In this stage the stresses in the beam are a 
combination of pre-stresses, fp, and dead load stresses, fp. 

In the design of a prestressed reinforced concrete beam, the aim is to 
eliminate net tension in the entire cross-section and to confine the compression 


g 
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within allowable limits. Expressed algebraically, the following conditions 
must be satisfied at Stage (2): 


(A) At the top of the beam: 

f=foit fo: > 0 
(B) At the bottom of the beam: 

f = foo + for < fac 


in which f = the combined or net unit stress; f; = the unit stress at the top; 
fo = the unit stress at the bottom; and fa, = the allowable unit stress in 
concrete. In other words, the initial tension at the top of the beam should be 
absorbed by the compression due to dead load, and the initial compression 
exerted by the pre-stressed steel on the concrete at the bottom of the beam 
should be reduced to within the allowable value, fac, for concrete, by the dead 
load. 


Stage (3).—The final stage is that in which the beam carries the full live 
load; the beam having been prestressed to offset the effects of dead load, it must 
have an excess of prestress to cancel the stresses produced by live loads. For 
this purpose the following conditions must be satisfied: 


(C) At the top of the beam: 


ij a Jor + for Satie <i 
(D) At the bottom of the beam: 


f=f»tfpotfiu > 0 
(#) In the steel at the bottom of the beam: 


fe = fos ins Se < fos 


in which f, = the unit stress due to live load; and, f, = the unit stress in the 
steel. 

To take full advantage of the methods described herein, the beam should be 
loaded temporarily up to the full dead loads before the preliminary stress in the 
reinforcement is released. Otherwise, the prestress in the reinforcement would 
be kept too low, limited by Conditions (A) and (B). 

In analyzing the stresses in the reinforcement, two distinct factors must be 
taken into account: (a) The preliminary stress; and (b) the ‘designed 
prestress,” fps, remaining after the partial loss of the “preliminary stress.” 
This loss is due to the shrinkage, to the plastic flow, and to the compressive 
deformations of the surrounding concrete. 

It is important to determine the “designed prestress” exactly. The loss 
of the preliminary stress, due to the shrinkage, depends on the quality of the 
concrete. For ordinary concrete the shortening may exceed 0.0004. This is 
equivalent to a decrease of 12 000 lb per sq in. in the tension of the steel. The 
shrinkage of compact concrete is much less. 

The plastic flow should also be considered because the structure will be 
subject to permanent pressure. After 1 yr the plastic flow" for ordinary 


Vidcat 
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conditions can reach a value equal to 0.13 X 365 X 0.000001, or 0.0000009 
per lb per sq in. of stress. The final flow after 5 yr will exceed this amount by 
not more than 30 to 40 per cent. Thus, if the permanent pressure in the 
concrete is 500 lb per sq in., the shortening of the concrete under plastic flow 
may reach 0.0000009 xX 1.4 X 500 = 0.0006, with a corresponding decrease of 
18 000 lb per sq in. in the prestress. 

A change in the prestress will be produced by the prestress itself while it is in 
the process of compressing the concrete. The reinforcement follows the 
shortening of the compressed concrete and a fraction of its stress is released. 
If the compression of the concrete around the bars is 500 lb per sq in., the 
decrease in the tension of the steel will be about 5 000 to 7 500 lb per sq in. 

Thus, in time, the ‘preliminary stress” may lose as much as 12 000 + 18 000 
+. 5000 = 35000 lb per sq in. and only the remaining tension in the steel 
should be taken into account for the design. This remainder is the “designed 
prestress.”’ However, the structure should also be checked to meet the 
conditions of the first days, with a partial shrinkage and no plastic flow, to be 
sure that this temporary excess of the prestress will not produce an undesirable 
effect. 

The stresses due to dead and live load will be governed by a factor of safety 
of 2. Ordinarily, these stresses are small compared to the designed prestress 
and range from 8 000 to 12 000 lb persqin. Even with a factor of safety they 
cannot usually restore the loss in the preliminary stress. 

Thus, the ‘designed prestress”’ may be fixed safely by deducting from 30 000 
to 40000 Ib per sq in. from the yield-point value of any given steel. The 
‘preliminary stress” should be from 5 000 to 10 000 lb per sq in. less than the 
yield point. The excess required for the “preliminary stress’? above the 
“designed prestress”’ should be estimated as exactly as possible for a given 
structure. 

As to the concrete, an ultimate strength of 2 000 to 2.500 lb per sq in. in 
compression is assumed in the examples of this paper. However, if the 
advantages of pre-stressing are to be fully utilized, special high-strength grades 
of concrete should be manufactured. Concrete of the highest strength can be 
produced most readily at a fixed central manufacturing plant, and, conse- 
quently, pre-cast beams and slabs can utilize the pre-stressing principle to the 
greatest advantage. Properties desirable in concrete are that: (1) It deforms 
at a fairly constant rate; (2) its total shrinkage is relatively slight; and (3) it 
possesses high strength and quick-hardening properties. The best method of 
obtaining these qualities is to manufacture a concrete with a minimum quantity 
of water and to insure that the product is placed carefully, vibrating the forms 
during the process. JH. Freyssinet utilizes specially ‘‘treated”’ concrete, that: is, 
concrete that is vibrated, pressed, and heated during setting. This improves 
the properties of the concrete to a remarkable extent; in tests conducted by M. 
Freyssinet the ultimate strength of the concrete made under pressure attained a 
breaking stress of 14 000 lb per sq in., and more, and a tensile stress of 150 lb 
persqin. The “treated” concrete is compact, subject to only slight shrinkage, 
resists repeated stresses, and is suitable for prestressing. 


11 Journal, Am. Concrete Inst., November, 1936. 
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In all ordinary structures no factor of safety should be assumed; if the actual 
working stresses exceed the computed stresses, the resultant tension will be 
relatively slight and will be eliminated subsequently as the structure is restored 
to anormal state of equilibrium. In special cases, where it is necessary that the 
design be particularly conservative, allowable working stresses due to live load 
may be increased by some factor of safety. 


THEORY OF PRE-STRESSED RECTANGULAR BEAMS 


In a simple pre-stressed reinforced concrete beam there are bending mo- 
ments, M, shearing forces, V, and the horizontal force, 7, introduced through 
the reinforcement, to be considered. All the concrete in 
any cross-section is considered as acting in compression. 


of computation, by the equivalent concrete area as in 
ordinary reinforced concrete design. 

Referring to Fig. 2, let p = the percentage of steel in the 
entire cross-section of a beam (p; referring to the steel at 
the top of the beam and p, to the steel at the bottom); 
d = depth of a beam; and b = width of a beam. Fur- 
thermore, let the distance from the top of the beam to the 
centroid of the top reinforcement be q:d, and to the cen- 
troid of the bottom reinforcement, gq, d. The distance 
down to the neutral axis of the section is kd, and the effective area of the 
beam is: 


A=bd-+ (n—1)(pi+ po) bd = bd[1 + (n— 1)(pe+ pro) ] = Kbd..(1) 


Taking moments about the top of the beam: 


kd 


Fie. 2 


bd ,. 
Akd=-+ (n— I(piqed + pod) bd 2) ee (2) 
from which, 
pore Gly Se ‘) 


The moment of inertia of the section about the neutral axis, after simplifying, 
is: 


| C. fsiak Py : 
I+ bd t+ (4-+) 


+ (n= 1Eplh = 99? + pols — HI} = Cbd. 4) 
Finally, the stresses due to the working loads are: 
pets _kM 
fi a 7h d= Chae oy Te so TEMA) sh eliNe 75) 6 Uoiseile) 6) oP ohist cl ehis Mine te pte ame (5) 
1a (1—k)M 
Li Menlag Sort) iT ioe (6) 
and, 
peor! be! _  Mn(q — k) 
fs T (wd —kd)= Oba tenn eee (7) 


an The cross-section of steel may be replaced, for purposes ° 


pe 
ed 
A 
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If there is no top reinforcement, the expressions for k and C become corre- 
spondingly simplified. In the case of a slab of unit width, b = 1 in Equations 


(5), (6), and (7). 


The pre-stresses are determined in a similar manner. Thus, subtracting 


the area of the bottom reinforcement, the effective area resisting the pre- 
stresses is: 


Ai=bdt(n—1)prbd—mbd=bdk............ (8) 

Taking moments about the top of the beam, and simplifying: 
k =p] f+ @-y i (9) 
1 Ki\ 2 Ptedt Do Od |=. sewer eee nes Ly 


The moment of inertia of the section about the neutral axis, after simplifying, 
is: 
1 1 ‘ . 
I,=bd ig 3 hh + (n — 1) pt (ki — 4t) 


‘ea po(qo == ms) | = Ci bude), 2a COOERN Sth eter (10) 


Stresses produced by the eccentric force, P, consist of uniformly distributed 


Pd(q@ —k 
il 


compression, - , and the bending stress, which varies from — y kid, 
1 


1 
at the top to + oe (d — kid), at the bottom. The area of the bottom 
1 


reinforcement is ps } d, and the value of the pre-stressing force is, 


Pores rev f De UO, Me Ann ied ay. cia Ne ree (11) 

Consequently, the pre-stress at the top of the beam is expressed by: 
“hes 1 Of ky he 1 ey, Ot ky ) 2 
j= P( 2-87 He, | - jye Do ( 3 mean key Segoe 2) 


and the pre-stress at the bottom is: 


apa) ot (Nat Stes 
fo= P| t+ : Ts 


a — fo| et am — HO — i) | A ee ayes eer (13) 


If there is no top reinforcement, the factors, C1, K., and hk, in Equations (9), 
(10), (12), and (13) become: 


C,’ = 0.083 + (0.5'— ki)? —-Ps(qo-= Bi)? se (14) 
Rg ese at tg) (hag St 15) 
Ie’ eels po as] ee adie een eases, ( 
and 
Ky’ Sse WDB hawks Eek OR eee tae eas cece Oa Oa (16) 


As before, ) = unity in the case ofaslab, Asan approximation, the effect 
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1286 PRE-STRESSED REINFORCED CONCRETE Papers 


. 


of subtracting the area of the bottom steel may be neglected, with the following 
results: 


Cy” = 0.083 + (0.5 — ki)? + (m — 1) pilkr — Qe)?. +. 2s (17) 

hie a E (n = 1) pea | Ladin toe ee (18) 
and 

Kithie 1 (ni) piste ee (19) 


If the member has no top reinforcement, p; = 0, and Equations (17), (18), 
and (19), are simplified accordingly. Substituting these simplified values in 
Equations (12) and (13): : 

fe = 2s pC QB) ae on ee eee (20) 
and 
fos = — 2fos DCB. — 1) 8. eee ee ee (21) 


As the design of pre-stressed beams and slabs is confined mostly to cases in 
which there is reinforcement on one side of the beam only, and as the effect of 
ignoring the steel area is slight, Equations (20) and (21) will be the formulas 
most commonly used. 

The bending capacity of the prestressed beam can be determined from Con- 
ditions (C) and (D). For the most part, the first condition governs, that is, 


k M ai 
Cbg 2ss P (8g — 2) = Sac 


Hence, 
i C 
M= Lfae ye Ios Pp (39 aa 2); a? 
The bending capacity of the conventional reinforced concrete beam is, 
ki jb (qd)? 
tacos 
M hs, ae 9 


and the ratio, 


Mis. A Cs 2 
w= ([1+22r@q-» |p? obi > 2a a (22) 
Assuming that fp, = 45 000 lb per sq in.; fac = 800 lb per sq in.; p = 0.009; 


k’ 7 =0. 347; q = 0.9;n = 15; and © = 0.186, on = 2.26. Thatis, the bending 
capacity of the prestressed beam is greater about twice that of an ordinary 
beam. 

Bonp 


Bond stresses between the reinforcement and the concrete develop only 
when the stress in the steel changes in value from one point to the other, as 
when the external forces vary. The preliminary stress introduced in the rein- 
forcement is constant from one end to the other. Considering only the bending 
moment due to the external load, the bond stress between two sections. a 
distance, Az, apart is: 

4 20 Az. = As, Agim) Riniecscne ee (23) 


—— - 
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- in which 2o is the total perimeter of the steel bars, and Af, is the change in the 
- steel stress due to the bending moment. As a limiting value, 


Tn the conventional design, the appearance of cracks must be anticipated, in 


which case all the tension is carried by the steel, to balance the compression in 


the concrete at the top of the section. In that case, f ey os q? and, 
: s J G1 
nite OAT ths 
: 5 SEE FO baa Wake wine of (25) 


which is the well-known expression for bond. When the steel has been properly 
prestressed, however, the concrete over the entire section is always under 
compression. 

The tension induced by the external loads, through the bending moment, is 
distributed over the concrete area as well as over the steel, with the result that 
the steel stress, and, consequently, the bond stress (which are proportional to 
Af.) are decreased considerably. 

Referring to Equation (7) for the value of f,, the bond is expressed by, 


‘i _ Asn (q — k) dM pAsntg = ¥) 
2 Do C dz b Rees To C a2 b Pe Or. ae 


and the ratio of bond values for the pre-stressed design and the conventional 
design is: 
U2 jd, Asn (q — k) 


a = “Silsoh yc ee diettuiyerie: Teste ces eh ouislincth. a ie; enIaimegee (27) 
Substituting for A, its equivalent, pdb and d; = qd, and simplifying: 
u._ japn(q —k) 

75R ci Rees WP AS GAS (or: (28) 


which is always less than one. In Example 1 it proves to be 0.53, which indi- 
cates that, for this case, the bond stress to be designed for in the pre-stressed 
beam is only 53% as severe as in the conventional design. In fact, in most 
cases of pre-stressed beams, the bond to be provided is relatively weak and 
need not be considered. If it is desired to check the bond stresses the following 
formula may be used: 

pn(q — 5) 

Toward the end of a beam the reinforcement is stressed in a manner similar 
to that in the vicinity of tension cracks in the conventional design. Theoret- 
ically, the bond stress is infinitely great across a crack but, actually, the steel 
slips, thus gradually transferring excessive stresses to the concrete at that point. 


~ As is known, concrete is plastic enough to “flow” under applied load as in the 


case of columns, the effect being to “repair” changes in the relation between 


a 
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particles, thus avoiding rupture. This phenomenon has not been studied 
adequately, but it is extremely important in problems involving the design of 
reinforced concrete. 

In the case of pre-stressed concrete, by which preliminary forces are intro- 
duced in the reinforcement, there is a section of the steel at both ends, beyond 
the point at which the forces were applied, where the induced stresses are equal 
to zero. Theoretically, the transition between zero pre-stress and full design 
pre-stress occurs over a very short length of bar, and over this length the bond 
is infinitely great. Asa matter of fact, the distance over which this transition 
occurs is appreciable because of the fact that the bars slip. E. Freyssinet, who 
conducted tests with preliminary stresses as high as 256 000 lb per sq in., does 
not report any difficulties in dealing with this problem. At the joint meeting 
of the Institution of Structural Engineers and the Société des Ingénieurs 
Civils de France in 1937, he explained that adhesion is not a question of the 
concrete sticking to the steel, but that it is a wedging action under the effect of 
the transversal deformations of the concrete, similar to the gripping of a bar in 
a wedge clamp. Its intensity and its efficacy depend on the quality of the con- 
crete and the packing of the concrete around the bars. In the case of ‘‘treated”’ 
concrete, very restricted lengths (approximately 10 or 20 diameters) are suffi- 
cient to assure anchorage, provided there is a sufficient’ thickness of .concrete 
and that the surface of the metal is not smooth in the zone of anchoring.” 
In particular cases, the use of vertical end anchor-plates can be recommended. 
If the reinforcement is designed to pass through such plates so that the ends 
are fastened securely at the outside surfaces, the preliminary stress at the end 
will then be divided between bond and the direct pressure against the concrete 
.at the end section. 


DIAGONAL STRESSES 


In conventional reinforced concrete design, diagonal stresses are of great 
importance and a complicated system of special reinforcement is usually 
designed to offset them. The value of these stresses is expressed as follows: 


fa = £ fi ss a vi fi 36 D2 Ve ees Caenaye ale ve (30) 


in which f;and v are the longitudinal stress and the shear, respectively, produced 
by the bending moment at a given section. If fis tension, the diagonal stresses 
at the point will vary from maximum tension, which will sometimes be con- 
siderably greater than the computed longitudinal stress, to a maximum com- 
pression which will be comparatively small. The longitudinal stress, fi, 
decreases from the center of the beam to the support and from the bottom of the 
beam to the neutral axis, but combined with the effect of the shear, v, this stress 
can produce diagonal tension great enough to be unsafe. Consequently, 
diagonal reinforcement is designed to meet this condition. In the pre-stressed 
beam, conditions are entirely different. The longitudinal stress is always 
compressive, and the second term of Equation (30) gives usually only a neg- 
ligible excess above the first term. 


For an approximate estimation, the second term may be replaced by the ~ 


two first terms of the corresponding series because, for the prevailing values of 
2 Structural Engineer, May, 1937. 
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~ fi and », the series will be converging. Then, 


oF 


i! 1 v v 
fo-4n-(Sn+%)=- Boe Ca pee EY (31) 
2 In the prestressed design f; varies from fa, at the top to zero or some positive 
value at the bottom, making at the neutral axis about 3 fac. For f; = 300 lb per 
~ sq in. and v = 150 lb per sq in., the diagonal tension will be only — LOO eee 
|b per sq in., which is absurd. 
F3 Thus, the diagonal stresses need not be considered. They eliminate the bend- 
- ing of the longitudinal bars and considerably simplify the reinforcement. The 
use of stirrups, however, is desirable, because the prestressed beam is under 
- permanent compression and the stirrups will play the réle of hoops in columns. 
_ Correspondingly, stirrups should form rings restraining the effect of the bulging 
in concrete and should be placed along the entire span of the beam. 
If a particular structure requires absolutely no tension in the concrete, the 
stirrups near the support may by prestressed as well. 


DEFLECTION 


The prestressing design introduces a direct pressure and new bending mo- 
ment in addition to the bending moment of loading. The direct pressure 
uniformly distributed over a transverse section does not affect the deflection. 
The ‘“prestress”” bending moment acts in the direction opposite the loading 
and induces an upward deflection. Therefore, it may be stated that the 

_ prestress decreases the deflection of a beam. 
In the customary balanced design, with the unit stress at the top of the 
concrete, fac, and at the reinforcement, fas, the unit length of the top fiber will 


decrease by a = des and the unit length of the reinforcement will increase by 
c 


b= Jes _ This tends to bend the beam and the radius of curvature, r, referred 


to the top of the beam, will be computed from the equation, 


pag lr sb (31) 


: TatKe cit mada asad Sa 


in which qd is the distance between the top fiber and the reinforcement. 
Transformation of Equation (31a) gives, 


In the “‘prestress” design, the unit length of the top fiber will decrease by a, as 
a maximum, and the bottom fiber will decrease too, or, in the extreme case, 
will not change. As before, 
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Hence, 


The ratio of both radii is, 


ety a sf a+tb a+b 
rae a NS Gal a) qa 


Assuming that fac = 8001b per sq in.; fas = 20 000 lb per sq in.; ZH. = 2000 000 
lb per sq in.; and, EZ, = 15 #.;q = 0.9; a = 0.0004; b = 0.00067; and = 2.95. 


On the other hand, the prestressed beam can carry about twice its normal load. 
If equal loads are considered, the deflection for the prestressed beam will be 
from five to six times less than for the conventional beam. 


PECULIAR ForRM OF PRESTRESSED BEAMS 


To eliminate the tensile stresses completely, Conditions (A) to (D) must be 
satisfied at every point along the span. If the section of the beam is designed 
in such a manner that these conditions are satisfied for the center of the span, 
it may be unsatisfactory for other points of the span where the outside bending 
moment is less than the maximum. Indeed at the top of the beam, the 
compression due to dead load (which must absorb the tension created by the 
prestressing) decreases to zero at the support where the outside bending moment 
is zero. Under such conditions, there could be a residual preliminary tension at 
the top of the beam near the support where Condition (A) would not be 
satisfied. Similarly, residual preliminary compression along the bottom of a 
beam may not have been adjusted to the allowable limit for compression with 
the result that Condition (B) would not be satisfied. 

This difficulty can be overcome easily by varying the section. The bending 
moment due to dead load varies along the span according to the parabolic law, 
x(1— 2). Tosatisfy Condition (A), the pre-stress, fp, should be made to vary 
according to the same law by changing p or q, or both, in Equation (20). This is 
accomplished by increasing the width or the height of the beam. The rein- 
forcement under preliminary tension is fixed in position in cross-sectional area 
and cannot be utilized to adjust the pre-stressed condition. 

For simple beams and slabs the best method is to increase the depth, without 
changing the position of the steel. In this case, the depth, d,, of a section at a 
distance, x, from the support, is determined theoretically by the expression (see 
Equation (20)): 


2 tno (34 — 2) = a( = 2)2 fp (8% —2)..5 2) 


$(3¢-2)=2a-»(s4-2) og tae gee (33) 


in which d, = qd is the permanent distance from the top of the beam to the 
steel. For the ends of ‘the beam, where x = 0, or x = 1, Equation (33) 


or, 


: 
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“reduces to 3 = —1=0;or, 

tS 0 

Z Aareege ad yy ies Meer mNe ed Dh tie (34) 


__ Equation (84) is the algebraic expression for the well-known rule that when 
‘an eccentric force is applied at the third point of a section, the stresses at the 
farthest edge of that section are equal to 0. Condition (B) is usually satisfied 
when the depth is determined by Equation (34). The addition to the depth of a 
beam decreases rapidly from the supports and for z = {l, this addition is quite 
E small. It is probably better to select a beam of the type shown in Fig. 3 
rather than the parabolic shape dictated by the strict theory. 


aleu alow 


- 25! 0" 
Fic. 3.—Pre-StTrREssED SLAB BRIDGE 


A second solution consists in lowering the top of the beam so that at the 
support the reinforcement is at a depth of 2 dfrom the top. The distance from 
the bottom of the beam to the reinforcement is then represented by d — qd, 

and the depth of the beam at the support should be, 


Tn the case of beams and slabs, Equation (35) yields values for depth which are 

- too small, and difficulties are encountered due to high compressive pre-stresses 

and shearing stresses near the support. In the case of large girders, however, 
this solution of the problem is worth considering. 

Continuous beams and rigid frames present the same problem to an even 
greater degree because in this case negative moments occur over the supports. 
The prestressing must absorb tension at the top and compression at the bottom 

ofthe beam. For this purpose the depth of the beam over the support must be 
increased to dy < 2 dy or, even if the negative moments are large, to dy < ¥ do. 
In the latter case the sign of the ‘prestressed’? moment changes and its effect 
_ upon the beam reverses. i 

Consequently, for the continuous beams and rigid frames the middle section 
is designed as for a simple beam, and the values of de and d are computed 
according to the foregoing equations. At the point of inflection, d increases to 
the value of 3 d,. At the supports, the section is designed for negative moment 
and the same formulas are simply reversed, changing the top and bottom. In 
this case, the lowering of the top of the beam toward the support can be of a 
great use because it augments the relative eccentricity of the prestress. } 

If the span of a bridge is great and if rectangular beams are not economical, 
I-shaped girders should be used. In the conventional reinforced concrete 
design such girders are not used because the bottom flange would be useless 
inasmuch as it would tend to crack regardless of its dimensions. Consequently, 
the T-beam section has been adopted; but with prestressing the I-shaped girder 
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becomes as convenient and as economical in reinforced concrete design as it is 
in structural steel design. 

The foregoing theory of the prestressed beam is easily applied to the I-bea 
shape. Final formulas and conditions for the design are the same and only the 
coefficients, K, k, and C, differ, according to the special shape of sections. 

The method of meeting the change in the outside moments by varying the 
depth of the beam (that is, the eccentricity of the prestress), is identical with 
that described herein. 

There are cases in which the principle of pre-stressing cannot be applied 
because it is impossible to select a value for the preliminary stress that will. 
satisfy all the required conditions at the same time. This is true when the 
live load is considerably greater than the dead load, such as in the case of 
floor-slabs. The maximum ratio between live load and dead load for purposes 
of pre-stressing can be determined as follows: By Condition (D) the minimum 
prestress at the bottom required to absorb the maximum tension due to the 
loading is expressed by, 


ik = — foo — fot.......- Do on (36) ) 


Since fz is equal to fop n Equation (36) can be written in the form: 


fn iM oncoe) | 
top 1+ 7 (37) 
On the other hand, by Condition (A), the tensile pre-stress at the top must be : 
absorbed by the compression due to dead load. Consequently, fp: = — fpz; or, 
Si yh 1; from which, 
fiw f f L 
bp J tD 
ee eh To ee Gt a ee 
inte Ei) (38) 
The relation, 2, between the pre-stress at the bottom and at the top, by 
‘Pp 
Equations (20) and (21), becomes, 
Sei 8g 1 
i Fg Oe ee (39) 


and the relation between the stresses at the top and at the bottom, due to 
dead load, is, 
fin oe 


Peeters EM (40) 
Multiplying Equations (39) and (40): 
fn fn _ 89-1 _k 


Fin foo 3q cs 9 esa: Seiee 16 10! bp le, wen Oo le en (41) : 
Finally, by combining Equations (38) and (41) and solving for the ratio, st 
D (1 —k) (8q —2) — heey euhe Goyal «) fp fac” 2 eospeeee, (42), 


“a 
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In other words, if the ratio between live load and dead load exceeds the value 
represented by the right-hand member of Equation (42), the preliminary stresses 
in the concrete cannot absorb the maximum tension at the bottom, and, at the 
“same time, the stresses to be absorbed at the top by the minimum compression. 


_ Therefore, it is impossible to design the beam for complete elimination of 
tension in the concrete. At the values of k = 0.55, ¢ = 0.9, and zeae 


The following illustrative problem will demonstrate the tremendous saving 
and improvement in design possible by introducing preliminary stresses. 
Example 1.—To demonstrate the manner: in which pre-stressing can 
influence the dimensions of a reinforced concrete structure, consider a pre-cast, 
slab bridge. At present, the excessive weight of pre-cast slabs limits their use 
to comparatively small spans, and any method of decreasing the thickness of 
such slabs would permit increasing the span length; for example, consider a 
bridge! with a clear span of 25 ft composed of separate units 29 ft long and 
16 ft wide. Each slab is pre-cast in a central plant, transported to the site, 
and placed in position by cranes. For a slab 28 in. thick, the effective span 
may be assumed equal to 25 + 2.33 = 27.33 ft. The dead load is 415 lb per 
sq ft, and for an element 1 ft wide the bending moment due to dead load is, 


_ 415 X 27.33? 


Mp 8 


= 38 600 ft-lb 


The live load consists of a 20-ton truck with one pair of wheels, arranged 
as shown in Fig. 4, for maximum live load moment. The value of this moment, 


16 Tons 


Center of Gravity 


ema o Sia ai 


Fie. 4.—Truck Loapine ror Maximum Brenpine Moment 


plus 25% for impact, on an element 1 ft wide, is M; = 4 166 L (0.5 _ -) j 
If the length, Z, equals 27.33 ft, Mz = 22 800 ft-lb; fac = 650 Ib per sq in,; 
fas = 18 000 lb per sq in.; and n = 15. In current design practice, pp = 0.065, 
and the thickness of the slab is found to be d = 0.099 V38 600 + 22 800 + 3.0 

= 27.6, or 28 in. 
The next step is to design the pre-stressed slab. In Fig. 5(b) let d = 16, 
p> = 0.0086, and fas = 45 000 lb per sq in. The effective span length, L, is 
~ 25 -+ 1.33 = 26.33 ft; the dead load is 1.33 X 150 + 65 = 265 lb per sq ft; and 
the bending maments are computed to be, respectively, Mp = 22 900 ft-lb; 
and M;, = 21 700ft-lb. Since there is no top reinforcement, p: = Oand q; = 0. 


Furthermore, g = ne = 0.844; and by Equation (3), k = 0.537 and C (in 


13‘ Whatsthe D. L. & W. R. R. Is Doing in Concrete Design”, by M. Hirschthal, M. Am. Soe. C. E., 
Railway Review, October 9,and_16, 1926. 
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Equation (4)) equals 0.0833 + 0.037? + 14 X 0.0086 X (0.844 — 0.537)’ 
= 0.096. By Equations (5), (6), and (7), the stresses are computed to b 
(in pounds per square inch): fip = 500; fon = — 4380; feo = — 4290 
fir = + 473; for = — 408; and, fxr = — 4060. By Equations (12) to (16) 


a a 
oo) pide Se «Aa of Sar eee ale ji detacvalie ns o" 


(a2) SECTION FOR THE CON- ‘ (6) SECTION FOR THE PRE- 
VENTIONAL DESIGN STRESSED DESIGN 


Fig. 5.—ComMparisoN BETWEEN THE CONVENTIONAL AND THE PRE-STRESSED DESIGNS 


the stresses in the slab due to introducing preliminary stress in the steel are? 
D, = 0.9914; k, = 0.497; Ci = 0.0843; frp = — 0.00885 fp.; and frp = 
— 0.0265 fps. These five values must coincide with Conditions (A), (B),) 
(C), (D), and (£), and the best method of checking the selected section is,; 
first, to determine, from Conditions (C) and (D), what ‘‘designed pre-stress””’ 
in the reinforcement would impose the required stress in the concrete under‘ 
full working load; and then, by Condition (Z), to make sure that this preliminary 
stress is not excessive for steel. By Condition (C): F;’” = + 0.00885 f,, 
+ 500 + 473 = 650, and, therefore, f,, = — 36 500 lb per sq in.; by Condition 
(D): Fy’ = — 0.0265 fp; — 430 — 408 = 0, and, therefore, f,, = — 31 600 lb 
per sq in.; and, by Condition (£): — F,’’ = — (fps — 4290 — 4060) =} 
+ 45 000, and, therefore, fp, = — 36 6501b persqin. The similarity between 
the optimum values of the “‘designed pre-stress’” to be imposed in the rein- 
forcement, in order to utilize concrete (see Condition (C)) and steel (Condition 1 
(£)) to the best advantage, indicates that the section is well balanced in this; 
respect. Conditions (A) and (B), for dead load only, will be usually satisfied if f 
Conditions (C) and (D), for full loading, are satisfied. Nevertheless, all these > 
conditions should be checked independently. 

From Conditions (C) and (£) it is possible to state that — 36 650 = fp. ; 


= — 36 500 lb per sq in.; and, assuming that f,, = — 36 5001b per sq in., , 
the stresses due to dead load are (see Conditions (A) and (B)): F;’/ = + 0.00885 | 
X (— 36 500) + 500 = + 177]1b persqin.; and F,’ = — 0.0265 x (— 36 500) 


— 430 = + 538 lb per sq in. It is unnecessary to compute the value of F,’ 
because the reinforcement is always stressed more under full loading. 

Under maximum live load the corresponding stresses are: F;’’ = + 177 
+ 473 = 650 lb per sq in.; Fs” = + 538 — 408 = + 130 lb per sq in.; and 
F,"’ = — 36 500 — 4290 — 4060 = — 44 850 lb per sq in. 

It will be noted that the design is especially well balanced. Tension can 
never occur in the concrete and the compression stresses are a minimum (+ 177 
Ib per sq in. at the top, and + 130 lb per sq in. at the bottom). This margin — 
should be sufficient to absorb any accidental inaccuracies introduced by compu- 
tations or assumptions, before tension stresses would appear in the concrete. 
Before the live load is applied, the reinforcement is under a tension of 40 790 
lb per sq in. The live load adds only 4 060 Ib per sq in., an unimportant in- 
crease of 10 per cent. ; 


‘ 
- 


ieeod ene a 
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The advantages of pre-stressing, compared with the conventional design, 
are demonstrated in Table 1. The analysis indicates that the depth of the 


TABLE 1.—ADVANTAGES OF PRELIMINARY STRESSES 


Description Conventional Pre-stressed Percentage, 
esign design decrease 
Cross-Sectional Areas: 
Woncreve; iM SQUATE TECt. Lainers taal eeceia wish wc sa 2.33 33 41.5 
Pteeli-ini square Inches. % fF nc. hic ee c.oje sree wlerye ge 2.12 1.65 22.0 
Stresses, in Pounds per Square Inch: 
Under Dead Load Only: 
PUR MONCOD tttereks neta choice ate a abl ficah ead acye Gueileses +409 +177 
EAT BENO ND OULOTM te esha cytes Amiel cage aR me His hoes eee i +538 
METRE ONSLEGL Me Reset etiks SE ete ccsmtieetawiets, aicielaie afte —40 290 
Under Full Load: —11 300 
XG eHbOD ahs eee eR oe chats SRE bahahee Sete od +650 +650 
ING GERM SYS rio a0 wes Caan ty Agen ne * +130 
amine Bteelgre eerie sick ensiaan kei taha NG, ors7 esateleed etchcter see —18000 —44 850 
Percentage increase in steel stress under live load ..... 59 10 


* Tension cracks. 


slab should be increased from the center toward the supports, where it reaches 
a maximum value of d) = 3 qd = 3 X 13.5 = 20.25 in. At the supports the 
stresses in the concrete are zero at the top and, at the bottom: 
Pip 2: fond Pood om L6G. ‘ 

cag Om b de = 2 X 36 500 X 0.0086 x 30.25 498 lb per sq in. 

Instead of computing the theoretical curve of the bottom of the slab, or 
beam, it is simpler to design sections for several points along the span. In the 
present case (see Fig. 5), the depths are found to be as follows: 


r,asa d, in 
ratio of: inches 
QUOD CEN ere no ainea ae May aeaet a aes lait © 19.0 
COI T es hegre scien Atte ates Ur eee rl Me ean Meee © 17.8 
UO ESE ADSL, Soe cP Ree CRO 16.9 


The total weight of the pre-stressed slab unit is about 19 tons, 377% less 
than for the conventional design. 

Example 2.—Consider the same pre-cast slab (Fig. 5b) as in Example 1, 
except that it has double reinforcement. Let d= 13 in.; pz = 0.012; and 
ps» = 0.0105. The dead load is 1.08 x 150 + 65 = 227 lb per sq ft; Mp = § 


pe eis 
x 227 X 26.08? = 19.200 lb-ft; and Mz = 4166 X 26.08 (03 a ne 


= 21.500 lb-ft. By Equations (3) and (4), k = 0.495 and C = 0.1208; and 
by Equations (5), (6), and (7), fr = + 0.0242 M; fo = — 0.0247 M;and 
f, = — 0.258 M. 

Stresses due to external loads are (in pounds per square inch) computed as: 
fin = + 465; foo = — 475; fav = — 4950; fiz = + 520; for = — 531; and 
fer = — 5550. By Equations (8), (9), and (10), Ky, = 1.157, k, = 0.447, 
and C, = 0.0988. By Equations (12) and (13), the pre-stresses are: fps 
= + 0.00993 fep and fp» = — 0.0325 fep: On the other hand, the pre-stress 
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in the steel required by Conditions (C), (D), and (£) (in pounds per square 
inch), is: 


Fi’ = + 0.00993 fap + 465 + 520 =+ 650; or, fep = — 33 700 
Fy!’ = — 0.0325 fap — 475 — 5810; . or, fey = — 32 700 
and 
F.” = — (fep — 4950 — 5550) = + 45000; or, fsp = — 34 500 
which indicates that f may be selected between — 33 700 and — 34 500 lb per 
sq in. Assuming that f,, = — 34000 lb per sq in.: 
F, = + 0.00993 x (— 34000) + 465 = + 127 
and, 
F,’ = — 0.0325 x (— 34000) — 475 = + 631 


For full loading: 


Fy’ = + 127 + 520 = + 647 lb per sq in. 
F,”’ = + 631 — 531 = + 100 |b per sq in. 


and, 
F,’’ = — 34000 — 4950 — 5 550 = — 44 500 


Thus, all conditions are satisfied. The cross-section of concrete required is — 
only 1.08 sq ft which is less than 50% of the area required by conventional 
design. The cross-section of steel is 3.51 sq in. which is 66% greater than 
conventional design. Such a design may be recommended only if the thickness . 
or the weight of the bridge must be decreased in order to meet local conditions. 

The slabs can be made even thinner by introducing a concrete of higher 
strength; for example, if the allowable stress in the concrete can be increased to 
1 500 lb per sq in., the pre-stressed slab in Problem 1 will be 10 in. thick, with 
a steel ratio of d = 0.021. 


TESTS ON PRESTRESSED CONCRETE 


To test the practicability of introducing preliminary stresses in reinforced 
concrete, E. Freyssinet constructed beams reinforced symmetrically with 
different kinds of steel bars and wires, including piano wire with an elastic 
limit of 284000 lb per sq in. Initial tensile forces were applied such as to 
produce stresses from 99 600 to 256 000 lb per sq in. Mortar was placed in 
small portions and vibrated; samples were tested by bending; and the results 
were very favorable. Rupture occurred at loads much greater than were 
theoretically computed. In some cases the samples failed in the steel and, 
in some cases, in the concrete; but in the latter cases, too, it was the steel that 
produced the rupture by exceeding its yield-point stress. The deflections were 
small, being almost always only about one-fifth of the deflection observed in 
conventional design. What is of a special importance as applied to reinforced 
concrete, the deformations were completely reversible. No cracks appeared 
until tensile stresses due to working loads exceeded the initial compression 
stresses by from 280 to 430 lb per sq in. 

In 1935, E. Freyssinet conducted reversed bending tests“ on a post 40 ft long, 
fixed for a length of 6 ft 7 in. from the base. Repeated loads were applied from 


1 Memoires de la Société des Ingénieurs Civils de France, September-October, 1935. 


“ 
a 
eg 
Pg 


€xternal Moment, in Thousands of Inch-Pounds 


September, 1937  PRE-STRESSED REINFORCED CONCRETE 1297 


‘+1000 to —1 000 lb at the rate of eight times per minute. A controlling 
post of the conventional design, heavily reinforced with 286 lb of steel, was fis- 


sured after a few hundred deflections and broke after a few thousand deflections. 


A “prestressed” post of the “treated” concrete with only 110 lb of steel was 
subjected to 500 000 deflections without any alteration. 

In 1934, W. K. Hatt, M. Am. Soc. C. E., tested a series of 8 by 14 in. beams, 
13.5 ft long, reinforced with two rods 0.816 in. in diameter. These beams were 
loaded to produce bending moments from zero to 260 000 in-Ib.!* The bond 
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Fie. 6.—Unir Concretr STRESSES 


between the rod and the concrete had been destroyed with an asphaltic coating 
and, after setting, the reinforcement was prestressed to loads of 8 372, 
11 151, and 15 273 lb per sq in. Stresses in the concrete and in the steel were 
measured exactly. A beam of the same section, but not prestressed, was also 
tested. 

Figs. 6 and 7 show the unit stresses at the top and at the bottom of the con- 
erete and in the steel: (1) Measured exactly, in tested prestressed beams; 
(2) computed by the theory of the prestressed beam; and (3) measured exactly, 
in a tested conventional beam. The computed stresses at the bottom of the 
concrete agree well with tests. Some greater difference is observed for the top 
of the concrete where the actual effect of prestressing proved to be greater than 
the computated value. Measured deflections follow strictly theoretical con- 
clusions. The prestressing first produced upward bending. Under the bend- 
ing moment of 100 000 in-Ib, the beam regained its initial form. The conven- 
tional beam deflected under the same load as much as 0.035 in. Then the load 
was increased so as to produce a unit stress of 1 050 lb per sq in. in the concrete 
in the conventional beam; and the deflection measured in the conventional 
beam was 4.4 times that in the prestressed beam. 


15 Engineering News-Record, September 13, 1934. 
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A most interesting test was conducted in 1936, in Germany.'® A model 
girder, 65.5 ft long, varying in depth between 33 in. and 46 in. was used. Both 
the horizontal and the vertical reinforcement were prestressed to 70 000 lb per 
sqin. The working unit stress in the concrete was 2 056 lb per sq in. in com- 
pression and, at the steel, 78 000 lb per sq in. The girder weighed only 150 lb 
per lin ft, and carried a load of 940 lb per lin ft. Under repeated loading the 
girder acted like a perfectly elastic body and disclosed no signs of fatigue. Re- 
inforced with steel having an elastic limit of 140 000 lb per sq in., the girder had 
a factor of safety of 2 in the steel and of about 4 in the concrete. The deflec- 
tion was unusually small. 

The details of this experiment have not been made public, but, on the basis 
of this test, it is concluded that a girder of 327 ft span, with an average depth 
equal to 0.05 LZ, could be built economically. Such a girder would carry 600 
tons of its own weight and 300 tons of useful load. The deflection would be 
only one-third of that in a steel structure of the same dimensions. 


METHODS OF PRESTRESSING THE REINFORCEMENT 
Three methods can be used to prestress the material required: 


(1) Mechanical devices of various forms can be devised. Ends of the re- 
inforcement bars can be hooked and connected to the special anchor-beams by 
means of these hooks, intermediate hooked bars and clamps being fixed on the 
anchors. One of the anchor-beams is subjected to the action of jacks held 
against a strong abutment. In this manner the reinforcement bars are stretched 
to a predetermined value. Devices of this type are suitable for the manufactur- 
ing of precast structures in a concrete yard where supports can be built per- 
manently. 

For field work, it may be preferable to use the forms as supports, strength- 
ening them with end blocks and struts and carrying loads from one end of the 


18 Concrete and Constructional Engineering, April, 1936. 
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form to the other. In this case, jacks are placed between the anchor-beam and 
the end block. 

(2) Reinforcement can be easily prestressed by heating the rods. To 
achieve the expansion corresponding to the stress of 90 000 lb per sq in., it is 
required to introduce a temperature 260° C above the normal temperature. 
The problem of applying heat is simplified by electrical devices, as has been 
demonstrated by M. Ruml, in Belgium, who applies this process to prestressing 
pipes. 

However, the heat-treatment method should be tested carefully. In this 
process the steel is subjected to high temperature, and placed in contact with 
concrete while the latter is hardening, with the result that the surrounding con- 
erete is heated. In many cases, heated concrete has proved to be unreliable. 
E. Freyssinet, who introduced the heating of the concrete as an essential ele- 
ment of his new method of ‘‘treated”’ concrete, acknowledges this fact but ex- 
plains it as being due to non-uniform heating. On the other hand, the other 
noted French engineer, M. Lossier,!’ cites the precast electric insulators pro- 
duced in 1913 at 185° F, when the concrete was rammed. At the end of four 
years they were in an excellent condition, but three years later their strength 
was reduced much below that of ordinary insulators. It appears possible that 
initial heating is injurious to chemical actions over long periods of time. If it 
results in destroying the bond between the steel and the concrete even ‘‘in the 
long run,” heat cannot be used for prestressing. 

(3) An ingenious method of ‘‘self-prestressing’’ was used by E. Freyssinet 
for piles in combination with his “ treated” concrete. Piles were manufactured 
in place in sections between two cylindrical moulds. The external mould con- 
sisted of half-collars which were fixed with screw clamps. The internal mould is 
made of a steel tube surrounded by an envelope of india rubber with a cotton 
armor. The space between moulds is closed by an annular plate with holes for 
rods and for placing the concrete, and rods are clamped on the top of the plate. 

The concrete is poured between the moulds and vibrated by external 
vibrators. ‘The excess water escapes through joints between the collars of 
the external mould. Then the vibration is stopped and a hydraulic pressure of 
285 lb per sq in. is exerted in the internal mould between the steel tube and the 
rubber envelope. This pressure is transmitted to the concrete and through it 
to the top closing plate because, immediately after vibration, the concrete acts 
as aliquid. The plate rises and stretches the rods that are fixed to its top, al- 
most to their elastic limit. The pressure is maintained for 20 min, the water 
leaks freely through the joints, and the reinforcement is prestressed as required. 


CONCLUSIONS 


From studies made by the writer and described in this paper, six broad 
conclusions seem to be justified, as follows: 


1.—In reinforced concrete design, there are great advantages in increasing 
or decreasing, artificially, the stresses in one or the other materials involved. 
One of the methods consists in introducing preliminary tension in the reinforce- 
ment and tests by E. Freyssinet and others show that this method is practicable. 


17 Concrete and Constructional Engineering, August, 1936. 
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2.—Invariably the results of introducing pre-stressed reinforcement in 
beams and girders are favorable when the preliminary stresses can be designed 
so as to counterbalance the stresses produced by dead loads and live loads. 

3.—Pre-stressed designs may result in exclusively great savings of material 
or they may permit considerable increases in maximum span length. In either 
case, the structures are more reliable than in the case of conventional design 
because the tensile stresses in concrete are completely canceled and the com- 
pressive stresses that occur over the entire cross-section tend to prevent the 
occurrence of cracks. 

4—The arrangement of the reinforcement is simplified considerably because 
the diagonal tension is appreciably less than in the conventional design, and in 
continuous beams, reinforcement is not necessary at the top. 

5.—In order to gain the greatest advantages from the principle of pre- 
stressing, it is important that the reinforcement have a high yield-point stress 
and that special devices for applying the preliminary stresses be available. The 
’ cost involved in both cases is not serious. 

6.—The effect of introducing the pre-stressed design into reinforced 
concrete will be to develop much lighter, more reliable, cheaper, and simpler 
structures, thus increasing the field of usefulness of this material considerably. 


APPENDIX 


NOTATION 


The following symbols, which conform to the Symbols for Mechanics, 
Structural Engineering, and Testing Materials'® approved by the American 
Standards Association in 1932, are offered for the guidance of readers and 
discussers of this paper: 


A = effective area; A; = effective area that resists prestresses. 
a = a subscript denoting ‘‘allowable”’. 
b = breadth, or width, of a beam; as a subscript, b denotes ‘“‘bottom”’. 
C = a constant. 
= a subscript denoting ‘‘concrete”’. 
= dead load; as a subscript, D, denotes ‘‘dead load ’’. 
= depth of a beam; dx = depth, d, at a distance, x, from the left support, 
= modulus of elasticity. 
= net unit stress; f. = unit stress in concrete; f, = unit stress in steel; 
+ fp = unit prestress (initial compression); — f, = unit prestress 
(initial tension); fp = dead load stress; f; = unit stress at the top 
of a beam; f, = unit stress at the bottom of a beam; f, = allowable 
unit stress; f, = unit stress due to live load. 
I = moment of inertia of the effective area; J; = moment of inertia 
that resists prestresses. 
j = ratio of lever arm of the resisting couple, to the distance between the 
outer compressive fiber and the point of application of the resultant 


tensile stress. 


ee ee ae eee 
18 A. S. A.—Z10a—1932. 
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K = a substitution factor = 1+ (n — 1) (p+ po); K’ = the substitu- 


k 


tion factor for no top reinforcement = 1 — pp. 

ratio of distance from the neutral axis to the top fiber of a reinforced 
concrete beam, to the depth of the beam. 

live load; as a subscript, L denotes “live load”’. 


length; as a subscript, / denotes “longitudinal” stress. 
moment. 


a concentrated load; a ‘“‘designed prestress” force applied to a 
member. 

percentage of steel in the entire cross-section of a beam; p; = referred 
to the top steel; p» = referred to the bottom steel. 

ratio of distance from the center of the reinforcement to the top 
fiber of the beam, to the depth of the beam. 

a subscript, denoting “‘steel’’. 

a subscript, denoting “‘top’”’. 

unit bond stress. 

total shear. 

unit shear stress. 
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LEVEES IN THE LOWER MISSISSIPPI VALLEY 
By SPENCER J. BUCHANAN,? Assoc. M. AM. Soc. C. E. 


SYNOPSIS 

A levee may be defined as an earth embankment constructed along the mar- 
gin of a stream to restrain its flow within a desired course during flood stages. 
The system of levees, as it exists to-day in the Lower Mississippi Valley, is one 
of Man’s greatest works, involving approximately 761 000 000 cu yd of material 
throughout its length of 1 615 miles. The type used is similar in many respects 
to modern earth dams. In fact, it is natural that there should be a close simi- 
larity because a levee is merely an earth dam of great length, designed to 
function during relatively short intervals, after long lapses of time. This paper 
is concerned with the general features considered in the design of a levee and the 
use of the relatively new tool, Soil Mechanics, in solving unusual problems 
arising in connection with levee design. 


INTRODUCTION 


The first levee on record, to be constructed in the Lower Mississippi Valley, 
was built in the vicinity of New Orleans, La., by De la Tour under the orders of 
the founder of the city, Sieur de Bienville. The date of this work was between 
1717 and 1727. It was a modest start as compared to the present system, but it 
proved so successful that, in 1743, the French Colonial Government ordered all 
land owners in that vicinity to “follow suit’? and gave them one year to com- 
plete their units under penalty of forfeiture of their holdings immediately to the 
Crown. With the development of the Valley grew a haphazard system of 
levees which provided uncertain protection from the floods of the river. The 
resultant confusion, together with growth of national interest in the matter, 
resulted in the creation of the Mississippi River Commission by an Act of 
Congress in 1879, for the co-ordination of the efforts of the local interests and for 
the administration of the work of the National Government in controlling and 
improving the river. 

The growth of the system under the administration of this Commission has 
been tremendous and its efforts have been marked with success as indicated by 
the satisfactory confinement of the 1929 and 1937 floods. The extent of the 
system at present is shown by Fig. 1. Accompanying this growth there has 
been a corresponding reduction in the area of the floodway and natural storage 
basins; greater flood stages have resulted, requiring higher levees. The average 
height at this time is approximately 22 ft. However, this height is as great as 
50 ft at isolated points where the line crosses lakes or bayous. As the growth in 
size progressed, the experience of those directing the work broadened. ‘The 
weaknesses in design became apparent under actual flood conditions and 
sufficient revision was made to insure stability. 


1 Associate Engr., U. S. Waterways Experiment Station, Mississippi River Comm., Vicksburg, Miss. 
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During the past few years the methods of levee construction have changed, 
the value of property protected has been enhanced, and the demand for designs 


_ complying with strict engineering practices has increased. The results of these 


with heavier loads, and the chances of 


old lake bed or on some poor founda- 


-ample, the change in construction 
_ methods makes it possible to complete 


changes have been many. For ex- 


the new and larger levees in a frac- 
tion of the time formerly required 
with mules and wagons or with men 
and wheel-barrows. Consequently, the 
foundations are loaded more rapidly and 


their failure are increased. When the 
circumstances are such that stable 
foundations are evident, and material 

is available with which sufficient ex- P racnete 
perience has been accumulated, designs 
based on experience have been ade- 
quate. However, when the limits of 
the location are restricted, and it is 
necessary to construct a unit across an 


tion, then the use of the new tool, Soil 
Mechanics, serves a need of long stand- 
ing. The use of this branch of civil 
engineering permits design to be founded 
on a strength-versus-stress basis. 


EssentTiAL Features or DEsicN 


The ultimate design of a levee re- 
quires consideration of the following es- 
sential features: Side slopes, foundation, 
and control of seepage. The first two 
of these features are of the utmost im- 
portance because, more than anything 
else, the structures must be stable for 
any conditions. The control of seepage 
is important and justifies discussion be- 
cause of its effect on the stability of the 
structure. However, the volume of 
water lost is of little importance as its 
conservation is rarely desired in a flood 
control system. Furthermore, the nor- ib gaan Seema MIRE SES aa 
mal drainage system of the areas 
adjacent to levees is generally more than adequate for the disposal of water 
accumulating through seepage. , 

Side Slopes.—The side slopes adopted for the standard sections of the levees 
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over the period from 1882 to date, are shown by Fig. 2. The elevation of the 
maximum probable flood is that contemplated by the Flood Control Project 
authorized by Act of May, 1928. It may be noted that, as the size of the 
structures has increased, there has been a gradual reduction of the inclination of 
the land-side slope. The river-side slope has remained practically unchanged 
from the beginning. The broken land-side slope, as indicated for the banquette 
sections used between 1896 and 1914, was found to be undesirable in certain 
, High Water 1922; 49.5 Ft 


High Water 1927; 50.7 Ft 
‘Maximum Probable Flood 56.5 Ft 


wh oan 


ooo o 
bet 


Lake Providence 


1882 Section 161 Sq Ft 
High Water 1882; 38.3 Ft 
Fic. 2,—Stanparp Lever Secrions, Lower Mississtpr1 RIvER 


Gage Height, in Feet, 


respects for the high levees on the Lower River. The steep land-side slope above 
the banquette proved unstable in some instances when confining the maximum 
floods for which they were designed. This unstable condition was probably due 
to the hydrodynamic forces created by the seepage, acting on the stepped slopes. 
In many instances slides or general sloughing actually occurred. For the 
Lower River, the levee section was altered to give a straight land-side slope. 

The slopes in use at present vary somewhat with the material available in 
the borrow-pit areas. Table 1 shows this variation for the basic materials, ~ 
sand, silt, and clay. 


TABLE 1.—Stores For Cuay, SILT, AND SAND 


Land-side slope* 


Renton Predominating Crown width, River-side containing assumed 


material in feet slope* topmost flow line of 
following slope 
A Clay (75%) 10 1 on 3.0 1 on 6.0 
B Silt 10 1 on 3.5 1 on 6.5 
CG Sand (75%) 12 1 on 5.0 1 on 8.0 


* Topmost flow line assumed to spring from river-side slope, 1 ft below crown of structure. 


The stability of these standard sections has been investigated, by the 
‘method described subsequently, and for normal conditions was found to vary 
between 1.5 to 3.5. This factor of safety is considerably greater than the 
average for earth structures of the levee type. The B section (Table 1) pre- 
dominates throughout the Mississippi Valley. It has been found that the use 
of clay, of the richness requiring the A section, is generally undesirable. Con- 
sequently, the A section is rarely used. The foregoing sections have been de- 
veloped over a long period of time and are based upon experience gained with 
the soil existing in the Valley. They should not be considered applicable to 
other localities where the material available may be entirely different although 
bearing the same local classification. 

For situations in which new levees necessitate the use of material with which 
there has been little experience, the application of soil mechanics makes it 
possible to develop a levee design, based on the strength of the material, to give 


4 
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+ 
“any factor of safety desired. The method of design depends on the nature of 
the material, on whether it is cohesionless, as a sand, or cohesive, as a silt and 
clay. For the slopes of structures formed of sands or like materials, the in- 
¢clination must not be greater than the angle of internal friction. Their failure 
is by sloughing along the surface of the slope when this criterion is exceeded 
‘rather than in the manner described subsequently that applies to cohesive silts 
and clays. The stability of slopes formed of cohesive materials depends upon 
the shearing strength of the material along a deep-seated cylindrical surface. 
This cylindrical surface generally extends from a point just back of the crown of 
the slope, down through the section, and through the toe of the structure. The 
‘segment of the slope lying above this arc, in failing, appears to slide downward, 
rotating about the center of the arc. The method of locating the approximate 
position of this center of rotation for various slopes as established by W. 
Fellenius? and amplified by Charles Terzaghi,* M. Am. Soc. C. E., has been 
found to be satisfactory. Evidence of this type of failure in shear due to the 
over-stressing of the material has been observed in innumerable cases, par- 
ticularly in levees constructed of material too wet for use. 
The steps taken in the design of a slope, neglecting the effect of seepage on: 
its stability, are relatively simple and much in accord with the prevailing prac- 
tice. They are as follows: (1) The approximate position of the center of rota- 
“tion for the arc of failure is determined; (2) the part of the slope of unit thick- 
ness, above this surface, determined by the arc of failure, is subdivided into 
vertical segments (the number—usually ten or twelve—depends upon the size 
of the structure); and (3) the gravitational force acting on each segment is 
determined and resolved into its normal and tangential components acting 
along the arc at the vertical projection of the center of gravity of the segment on 
the arc of failure. 
Summation of the tangential components gives the force, 7, tending to 
produce displacement. The force resisting this tendency is the summation of 
the frictional and cohesive forces acting along the arc. The total frictional 
- force is determined by adding the normal components and multiplying the sum, 
N, by the tangent of the angle of internal friction, ¢. The cohesive force is 
- determined by multiplying the length of the are, /, by the unit cohesive strength, 
_c, of the material. The cohesive strength is obtained by a shear test performed 
upon a specimen of the material, prepared in a condition to simulate the most 
adverse situation expected. Cohesive strength is considered to be entirely 
independent of the pressure, depending solely upon the material and its con- 
dition. Thus, the stability of a slope or its factor of safety against sliding, may 
be determined by the expression: 


BY 


j ; 
Factor of safety = atene te Se SAR heaved (1) 


The foregoing procedure is repeated until the center of rotation and radius of 
curvature are found, that give a minimum value of the factor of safety for the 


2‘ Jordstatiska berikningar med friktion och kohesion for cirkular cylindriska glidytor’’, W. Fellenius, 
Kungl. Vig- och Vallenbyggnadskarens 75-arsskrift, pp. 79-127, Stockholm, 1926. ‘ 

2‘*The Mechanics of Shear Failures_on Clay Slopes and the Creep of Retaining Walls’’, Charles 
Terzaghi, Public Roads, Vol. 10, No. 10, December, 1929, pp. 177-192. 
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slope in question. The corresponding arc is then accepted as the critical surface 
upon which failure is most likely to occur. Several slopes are analyzed by this 
method and the one having the desired factor is selected. 

A factor of unity for the stability of the side slopes indicates a balance of the 
forces. However, a slight deviation of less than unity can not be taken as a} 
direct indication that failure is imminent. Values of less than 0.75 may be 
taken as indicative of an unsatisfactory situation and values greater than 1.25) 
can be taken as assurance of stability. Although this method of analysis may 
have its limitations, it does provide an excellent yardstick whereby analysis s 
may be made of a situation about which engineers have had previously only 
rule-of-thumb methods to serve as guides. 

Another element enters into the stability of the land-side slope after seepage } 
through the structure has developed, or for the river-side slope following the : 
passing of a flood and the removal of the impounded water. Failures have been . 
observed of the river-side slopes of levees under just such conditions. ‘The : 
hydrodynamic force created by the seepage water, either flowing into or out of © 
the section, produces an overturning moment in the part of the slope lying | 
above the arc of failure. For example, considering a levee through which flow 
has fully developed, the flow and equipotential lines being arranged as shown by 


Arc of Failure 
Fic. 3.—Hypropynamic Errrect or SEEPAGE ON STaBiLity or SLopss 


Fig. 3, the loss of head, h;, occurring through the part above the are of failure, 
b def, is due to the friction overcome by this seepage water in flowing through 
the material. The net effect of this loss of head is considered as a force acting 
in the general direction of the tangential component tending to produce failure 
and should rightfully be considered in such an analysis. (In Fig. 3, F; is the 
force tending to cause displacement in the direction of flow, equal to hy times 
unit weight of water times area surface, fb, of unit thickness. 

Although further research must be completed before definite conclusions 
may be safely drawn, a tentative method of analysis considering the effect of 
seepage water upon the stability of side slopes was advanced in a memorandum 
of the U. 8. Waterways Experiment Station‘ this year. This analysis is similar 
to that reported by E. Meyer-Peter® and concurred in by D. W. Taylor, Assoc. 
M. Am. Soc. C. E., in a paper to be published in the early fall. A paper on this 
hydrodynamic effect is to be prepared soon; hence it is only mentioned here. 

Foundations.—It has been stated that the prime requisite of a levee was 
stability under all conditions. After the stability of the side slopes has been 


4A Report of Experiments and Investigati to D i y i 
the Control of Seepage, Technical M. snlonEneton Nb dole Fels tose Ot > tere a ee 


5 ‘Beitrag zur Berechnung der Standsicherheit i it 
R. Miiller, Schweizerische Bauzeitung, Vol. 108, NoinTc Seeaaoe oe te ere cmedaf art. : 
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determined, the next essential feature to be considered is the foundation. It is 


_ not unusual that a setback unit of a levee, required by some channel change or 


improvement such as a cut-off, is constructed in one season or during a few 
months just prior to the annual flood period. It is then that a reliable method 


‘of design to assure stability is fully appreciated. 


In the past, one method® of dealing with a weak foundation where the lateral 


5 flow of an unconsolidated stratum of plastic material could be expected, was to 
build up the section and await the anticipated failure. After failure occurred, 


the placement of dirt was renewed, and the process continued until all the soft 


material was either squeezed out or until the levee had become stable for other 
reasons. This procedure required time and plenty of resources. An empirical 
~ method was developed about 1933 for the design of berms, which proved to be a 
- very good remedy for this problem. This work was done by T. A. Middle- 
brooks, Assoc. M. Am. Soc. C. E., and was based entirely upon experience with 
~such problems. His method of analysis had its limitations and has been sup- 
~ planted by one described in the following paragraph. 


In this case, again, the methods developed in the field of soil mechanics can 


be brought into play and the structures designed so that the stresses created by 
the structure will not exceed the strength of the foundations. The method of 


analysis contributed by Leo Jiirgenson’ makes it possible to compute the stresses 
created by this type of structure. Either the quick direct shear test, or the 


_ squeeze test, on specimens from undisturbed samples, can be used to obtain the 


ultimate strength of the material in situ. With these data it is a relatively 
simple matter to determine the stability of a foundation or the necessary adjust- 
ment of the design to give the factor of safety desired. 

An application of this method of analysis to three full-scale levee structures 
is interesting and worthy of mention. This investigation was made in May, 
1935, for the purpose of corroborating methods used in the design of the founda- 
tions of numerous earth dams in the Muskingum Valley, in Ohio. Of the three 
units, founded on similar material, one had been found stable and the other two 
had experienced complete failure, due to the over-stressing of their foundations. 
The first of these units was constructed after 1930 and the latter two prior to 
that date. The results of this application are illustrated in Table 2. 

The evidence indicated by the analysis of the first two units appears to 
justify confidence in this method. Although that for the third, Milliken Bend, 
unit appears to fail in proving the desired point, it was the only one of the 
group whose original cross-section departed appreciably from the triangular 
shape. The analysis applies to triangular cross-sections. A comparison of the 
computed values of shear with those measured in models by photo-elasticity 
shows a variation of 1%, 2%, and 30% for the units in the order shown (Table 
2). Thus, it is indicated that this method of analysis has its limitations when 
applied to a section deviating from the true triangular shape. Further use of 
this method of analysis on other projects has been made since 1935 and to date 
(1937) no difficulties have arisen. The structures have been satisfactory in 


6‘*The Improvement of the Lower Mississippi River for Flood Control and Navigation”’, by D. O. 
Elliot, Bulletin, U. S. Waterways Experiment Station, May 1, 1932, Vol. 2, P. nay . pany 
fk Application of Theories of Elastivity and Plasticity to Foundation roblems,” by Dr. Leo 
Edaat jo wnal, Boston Soc. of Civ. Engrs., Vol. XXI, No. 3, July, 19384, pp. 206-241. 
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Settlement is an important factor in levee construction, as it is in buildings 
construction. However, the effect is quite different, for little damage, if any, is} 
experienced by a levee through its settlement. The principal benefit from the 
predetermination of this factor is in the economy effected. A reliable estimat 
permits the gross grade to be adjusted at the time of initial construction to allow 
for the settlement. Thus, no subsequent enlargements are necessary to main- 
tain the desired net section or grade. It has not been unusual for these struc- 
tures when placed across old lake beds or bad swampy areas to experience 3 to 5 
ft of settlement. Of course, allowance is made at the time of construction for 
the normal shrinkage of the fill. However, when in addition to this shrinkage a 
settlement occurs, the section must be restored. The cost per unit of fill for the 
enlargements is naturally greater than the initial unit cost. In addition, 
emergency protection may be required during a major flood. This emergency ; 
protection is in the form of sand bags or mud boxes placed in depressions caused 
by settlement, and is very expensive. 


TABLE 2.—Sarety Factors ror THREE LEVEES 


Basic Dimensions, IN FEET | Increase in 
pressure | Maximum | Measured 
Thor : caused by stress, strength, | Factor 
No. Name of unit Depth of | Structure, in tons in tons fo) 
ies Base | underly- in tous | per square| per square] safety 
eight | vidth ing soft | Per square foot oot 
stratum oot 
1 | Halpino Levee*...... 36 432 27.0 1.8 0.113 0.152 1.34 
2 Duckport Levee..... 30 270t 32.5 1.5 0.183 0.165 0.90t 
3 Milliken Bend Levee.. 37 270 27.0 1.8 0.313 0.163 0.53f 


* No difficulty was experienced with this levee. 


+ After this levee failed the section was successfully reconstructed to a new base width of 347 ft, 
changing the factor of safety to 1.16. 


t Structure failed, as was to be expected. The structure was successfully reconstructed t 
width of 416 ft, changing the factor of sAfety to 0.80. 5 % mucledite aaa 


The detection of portions of a new unit in which excessive settlement may be 
expected is not a difficult matter. The site of a proposed unit as well as the 
borrow-pit areas are explored in a routine manner by borings, prior to the 
completion of the initial design. Adequate samples are taken during this ex- 
ploration and subjected to tests as described later in this paper to check the 
general condition of the foundation, and to detect both the extent and depth of 
strata of cohesive material containing an apparent excess of water. Analysis of 
the evident weak spots by the Terzaghi theory of consolidation, combined with 
data from the consolidation tests of a few well-selected undisturbed samples, is 
sufficient to form the basis of an adjusted gross grade. The method for de- 
termining the settlement of a levee is illustrated subsequently in the solution of a 
typical problem. 

Control of Seepage-—Seepage through the levees in the Lower Mississippi 
Valley, and its control, have formed the bases for the design of the standard 
sections previously described. It has been assumed, on the basis of past ex- 
perience, that the topmost flow line of seepage through a section traveled on 
slopes of 1 on 6 to 1 on 8, depending on the material. The position of the point 
of entrance on the river side is fixed by the free-board desired, usually 1 ft of 
free-board being allowed for the super-flood anticipated. .It was further as- 


= SS ;, 
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sumed that the seepage through the structures would develop fully during the 
flood period. In.so far as the records to the present time show, the duration of 
this period has not exceeded 120 days, while, of course, the flood waters would 
remain at the assumed free-board height for a small fraction, say, 15% of 
the time. 

The shape of the section has been made to contain the topmost flow lines just 
mentioned. During an inspection of some of the levee units in the vicinity of 
Memphis, Tenn., the writer observed no evidence of serious seepage coming 
through the levee section. Although difficulties were experienced with the 
seepage through the foundations at some locations, this can not be attributed to 
any weakness in the design of the section. Pervious strata frequently exist in 
the foundations of levees and are the source of some trouble of local nature. 
Control of this excessive seepage is achieved by the use of sub-levees, or by 
placing a ring of sand bags so as to isolate the small local spots. Hither of these 
means of control develops a negative hydrostatic head neutralizing or reducing 
to a harmless quantity the water leaking through the foundation. Thought is 
now being devoted to methods of sealing such pervious foundation strata so that 
this undesirable condition may be remedied. 

Problems involving structures founded on pervious material are analyzed 
with the aid of models constructed in a glass-sided flume. The conditions under 
which these experiments have been conducted were arranged to simulate various 
positions of ground-water. The data from these tests are used to estimate both 
the position of the topmost flow line in, and the quantity of flow through, the 
section. 

Structures founded on impervious strata may now be analyzed by methods 
such as one developed by Glennon Gilboy,® Assoc. M. Am. Soc. C. E. This 
problem is usually complicated by the fact that no selection of material is 
exercised in the construction of alevee. Hence, the usual assumption that the 
structure is a homogeneous mass is not justified. The state to which the 
material in the structure may be compacted is a variable that will affect the 
flow through the section. This variable can be judged only by experience gained 
through observation of structures recently completed; a limited number of 
observations and tests have been made. The details of this type of analysis are 
treated in the solution of a typical levee problem outlined subsequently in 


' this paper. 


The rate of development of seepage through a section of levee is a matter of 
importance. The maximum period of flood as estimated previously is 120 days, 
and it is only for a short part of this time that the maximum flood prevails. 
The rate of seepage development has been a matter of conjecture. Some inter- 
esting data have been obtained through observations of the development of the 
flow through an earth dam at the United States Waterways Experiment Station, 
at Vicksburg, Miss. These data throw some light on the subject. The dam is 
35 ft high, with side slopes of 1 on 3.7 for both up-stream and down-stream faces. 
It is constructed of loess, a remarkably homogeneous material typical of the 
Vicksburg area, and is founded upon the same material. The loess, while 
unlike in some respects to the alluvial soils in the Valley, has, nevertheless, 


8 Hydraulic-Fill Dams,” by Glennon Gilboy, 1st Congress of Large Dams, Vol. 4, Rept. No. 46, pp. 
231-267. 
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permeability characteristics similar to a great proportion of the material used in 
the levees, that is, the silts requiring the standard B section. The material was 
placed by trucks in layers 6 in. thick, and compacted only by the repeated _ 
passage of these vehicles. No exact control was exercised over the compacting 
operation. The elevation of the impounded water in the reservoir has been 
maintained at 164.5 ft (mean Gulf level) since.May, 1935. The dam was con- 
structed in February and March, 1935, with the spillway crest at Elevation 
165.0 (mean Gulf level). A duplicate set of observation wells were placed in 
the structure at the time of its construction. The locations are shown by | 


Mean Gage Level, 


Zane: ; S > ZZ Sa = 4 
80 60 40 20 0 20 40 60 80 100 120 140 
Distance in Feet from Center Line 


Fic. 4.—LocatTion or OBSERVATION WELLS, STATION O + 66 


Fig.4. Tests showed that the desired compaction was obtained by the constant 
passage of the trucks over the spread material. The results of the observations 
are shown by Fig. 5, which indicates that ten months were required for the full 
development of the seepage through this structure. 

The results of these observations show that seepage development is exceed- 
ingly slow, and tend to indicate that for sections formed of relatively impervious 
materials, silts, or finer, the flow does not develop during the flood period. 
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‘Fic. 5.—DEVELOPMENT or SEEPAGE THROUGH SxEcTION 0 + 66 


Consequently, sections designed to comply only with the requirements of 
stability are satisfactory. In the past, numerous instances were reported in 
which the seepage through the standard banquette section did develop, out- 
cropping at the upper edge of the banquette, and causing damage. The path of 
flow through the present section is two or three times as long and, consequently, 
requires a greater time to develop. 

For the situation of pervious structures, formed of sand, the seepage may 
develop during the flood period. However, a unique method for controlling 
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the seepage through this type of levee has been applied in some instances. This 
control is provided by means of impervious clay blankets, 3 ft thick, placed on 


_ the river-side slope and extended through pervious surface strata into an ex- 


tensive impervious stratum in the foundation. Information as to the effective- 


~ ness of this control is provided by observations made by the U. 8. Engineer 
District Office, in Vicksburg, of the pervious levee closing the gap formed by 


the famous Mounds Landing Crevasse that occurred during the 1927 flood. 
These observations were made before and after the placement of the clay 


E blanket, that is, in 1933 and 1937; the crests of the floods of these years were 


within 0.5 ft of the same elevation at this unit. The seepage, as collected and 
measured by a system of weirs at the land-side toe for a part of the levee, 920 ft 
long, was 0.3 cu ft per sec in 1933 and 0.06 cu ft per sec in 1937. The atmos- 
pheric conditions during the 1933 flood were not the same as those that existed 
in 1937; that is, the precipitation in 1937 was the greater. Consequently, part 
of the measured seepage of 0.06 cu ft per sec may be attributed to drainage of 
rain water. 
Tue Destan or A Lever UNIT 


The design of levees, as accomplished through the application of -soil 
mechanics, is basically the same as that used for earth dams about which much 
has been written recently. However, the attack of this problem becomes unique 
through consideration of several essential features: Location of levee, source of 
materials, placement of materials, and control of seepage. 

Unfavorable locations along a line, as far as foundation conditions are con- 
cerned, cannot be avoided as readily as by shifting a dam up stream or down 
stream a short distance. Deviation from the shortest practicable route, to 
avoid crossing filled sloughs or lakes, increases the cost of the structures tre- 
mendously. Furthermore, the local interests, who are naturally desirous of 
obtaining protection for a maximum amount of their land, contribute toward the 
cost of the levees. Consequently, their desires must be given consideration and 
complied with in so far as is possible. Formerly, to simplify the enormous 
task when extensive programs have been undertaken, sections, based upon em- 
pirical designs, have been standardized with ample allowance for local “sore” 
spots in the foundations, both as regards unstable conditions and excessively 
pervious materials. Now, it is possible, through the application of soil me- 
chanics, to alter the design to fit the conditions encountered. 

The material adjacent to the river-side toe of the levee must be used for its 
construction, whether it is sand or clay. The principal reason for its use is the 
economy effected. The use of the material directly opposite the section mini- 
mizes the distance it must be transported, eliminating over-haul. The borrow- 
pits, being on the river side, are thus located in areas where land values are low 
and the borrow material is cheap. For the enlargement of sections, this results 
in even greater savings than for the original construction as the borrow areas 
have already been adjusted. In general, any attempt toward the selection 
of material would be fruitless due to the supply, of what is generally reckoned 
as suitable according to current practice in earth dam design, not being equal 
to the demand. In some regions, especially the lower part of the river, that 
at hand is just as suitable as any within about a mile. This situation makes 
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it necessary to design the structures on the basis of the weakest of available 
materials. Although this often requires large sections with flat slopes when 
compared to some dams recently designed and constructed, the problem is 
simplified and solved at a low cost. 

It is important that no borrow-pits or excavations be made adjacent to the 
_ levees on the land-side to expose pervious strata extending through to the river 
side. Exposure of such strata invites trouble from increased under-seepage, 
certainly; and from destruction of the levee structure due to piping, possibly. 
Although, in some instances, borrow-pits have been made on the land side, they 
are the source of never-ending trouble. 

Control over the placement of the material in levees, in so far as its condinan 
and state of compaction are concerned, has not been exercised as is the practice 
in the construction of earth dams. Most of the present system had been com- 
pleted, or was under construction, at a time when little was known regarding the 
compaction of fills, antedating 1930. This date (1930) apparently marks the 
actual beginning of efforts to control compaction. To encourage low bids and 
costs, it has been necessary to minimize the restrictions on methods of construc- 
tion. If the compaction of the material had been undertaken, it has been 
estimated that a direct increase in cost of about 4 to 6 cts per yd would have 
resulted, causing an increase in the cost of the structure of as much as 70% in 
some cases. Such an increase has not appeared to be justified for structures 
designed by empirical methods. Then, too, no selectivity of material has been 
exercised in the past, and, as the compacting of materials depends to some 
extent upon their uniformity, efforts toward control of condition and state 
would not have been marked with great success. Large allowances have been 


made for the shrinkage of the structures, as follows: 
Percentage, 


Equipment for construction: shrinkage allowance 
Cableway (locally termed ‘‘tower machine’’).......... 25 
Dragline e <i. FR hy Pe eed ee ees 25 
Tractor (wagons, tractrucks, or trucks)............... 15 
Hy drawlie alls tr se ae Gore ee 8 


Uncertainty as to the condition and state of compaction of the material, and 
assumptions as to conditions and placement that need not be considered gener- 
ally in earth dam construction, make the design of these structures difficult. 
For instance, the cohesive strength, as used for the design of side slopes, is 
usually neglected completely when it is known that draglines or cableways are 
to be used for the construction of a unit. 

The control of seepage through the levee sections has been the prominent 
feature of their design. This has not been due to a demand for the conservation _ 
of water, as is generally the case for dams, but because of the manner in which 
they have been constructed. The application of the criteria in current use has 
resulted in designs which have proved satisfactory from the standpoint of 
stability. It has been shown that most of the material for their construction 
is silt or a similar soil which is considered as fairly impervious; also that the 
duration of the flood periods are relatively short as compared to the periods of 
high reservoir stages for dams. Consequently, the opinion that full seepage 


a | 
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through the sections may not develop seems justified. Through the applica- 
tion of soil mechanics it is possible to attack the problem of design more directly; 
that is, to determine the stability of the structure on the basis of the strength of 
the materials used and, in addition, to estimate the seepage and its effect on the 
stability of the slopes. 

The design of a levee, whether based upon empirical or stress-versus-strength 
analysis, depends upon the nature of both the material to be used for its con- 
struction and the foundation medium. Consequently, the first step is to ex- 
plore the materials in the borrow-pit areas by means of borings, so that definite 
information concerning the available material for construction will be at hand. 
The material to form the foundation for the structure must be explored in a 
similar manner. The current practice is to make a system of preliminary bor- 
ings along lines parallel to the route of the proposed levee, so that the lines di- 
vide the area into three parts. The borings are made in pairs on these lines, 
1000 ft apart. The depth of these borings is not great, but it is sufficient to 
explore the volume of material required for the structure adjacent to their 
location. In addition, borings are made at 1 000-ft intervals along the center 
line of the proposed levee, directly opposite those in the borrow-pits, to explore 
the foundation medium for sufficient depth to assure the non-existence of un- 
consolidated and apparent unstable material. When such a condition is indi- 
cated by the preliminary borings, or the features of the terrain, additional 
borings are made to trace adequately the extent of such weak formation. The 
spacing may be reduced to intervals of 100 ft. 

The borings for the exploration of the borrow-pit areas and foundations are 
generally 3 or 4in. in diameter. They are made with earth augers operated by 
hand. It has been found that this means of exploration is practicable, per- 
mitting the use of unskilled labor and requiring very simple equipment. The 
samples of the material are obtained directly from the augers as the work 
progresses and preserved in pint fruit jars which are properly labeled for 
identification in the classification laboratory. 

For the situations requiring special consideration or where no experience 
has been had with the materials, a primary system of borings is made to sup- 
plant the preliminary system just described. The purpose is to provide samples 
for analysis of the strength of the materials in the borrow-pits and foundations. 
These samples are obtained from 6-in. borings, using special equipment de- 
signed for obtaining undisturbed samples. These large borings are also made, 
in most cases, by hand-operated augers. A casing of suitable size is used in this 
work to prevent the caving of the materials penetrated and to exclude the 
ground-water; thus the materials are sampled ‘‘in the dry”. The device used 
for obtaining the undisturbed samples was developed under the auspices of the 
former Committee on Earths and Foundations of the Society by Professor 
Gilboy and the writer. The details of this device are shown by Fig. 6. Com- 
plete descriptions of the technique of boring and sampling, for both the general 
and undisturbed samples, are contained in other publications® of the writer. 


5 i tional Conference on Soil Mechanics and Foundation Eng., Paper A-23, by 8. J. 
Onn Se eas: ye Bi, rae 1936; “Technique of Soil Testing’’, by S. J. Buchanan, Civil Engineering, 
Vol. 7, No. 8, August, 1937. 
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The samples of material obtained by the preliminary exploration are sub- 
jected to classification tests, both as to kind of material and general condition. 
An experienced technician, trained in this work, first classifies the material by 
visual inspection. The samples are then grouped and such mechanical analyses 
and water content determinations as are necessary are made of representative 
members of these groups. Whenever a question arises as to the correctness of 
visual classification, additional tests are made to dispel any uncertainty. The 
Atterberg limits, liquid and plastic, are made of a few selected samples so that 
an index of their general condition, in situ, may be had. Thus, the general 
natures of the materials available for construction, as well as of those in the 
foundation, are established. 
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The strengths of the materials are next determined by tests of a representa- 
tive specimen. The delayed shear test for ascertaining the angle of internal 
friction, g, and cohesive strength, c, as required for the design of the side slopes 
of the structure, are made of a representative specimen of the borrow-pit 
materials. Complete descriptions of this, and subsequent tests mentioned, are 
available elsewhere.1° The maximum side slopes of the structure are thus 
established. The strength of the foundation is determined by quick, and 
squeeze, shear tests of undisturbed samples of the cohesive materials in this 
medium. Then, the combined consolidation-permeability test is made so that 
the settlement and under-seepage can be estimated. The final shape of the 
structure is established, on the basis of information obtained from the latter 
group of tests. 


10**Laboratory Pr i i i ‘ ” ; : 
Station, bees goes in Testing Soils and Sediments”, Bulletin U. S. Waterways Experiment 
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Basic lata.—The physical features of the problem to be considered are: 


Elevation of natural ground surface at the site, in feet (mean Gulf 


OUT es oe 2 Bi Sea eee en 347 
Elevation of net grade or crown, in feet (mean Gulf level)...... 377 
INer neipat of structure, in feet 2... 222 ee ee 30 
Free-board for maximum designed flood, in feet.............-. 1.0 
Percentage allowance for shrinkage (construction by tractors).. 15 
Gross height, in feet, considering shrinkage (30 X 1.15)........ 34.5 
Thickness of plastic zone in foundation, in feet Rd kt ie Pata 23 
Factor of safety desired for side slopes..........----..5+++055 RS 
Factor of safety desired for foundation.............----++++-- 120 


The borrow-pit material is a clayey silt, and other characteristics are as 
follows: 


Percentage of water content (natural state on dry weight 


RISGPED So Da Pe en et oR Ronee rer tener ore Biko 
Void-ratio (natural state on dry weight basis)......-.-..-: 1.20 
Absolute specific gravity........---+. 2s ses et ttre cette: 2.68 
Unit weight, in pounds per cubic foot, when placed (judged by 

PMPCTICNCE Me a tee se Fates eeeele MER ads ie aon a 100 
Angle of internal friction, ¢ (test result), in CGERTECS - hew drihe 19.4 
Cohesive strength, c, in tons per square foot........--..-:. 0.13 
Permeability, in centimeters per second (result of tests)..... ox Ln 


It is evident from the inspection of the conditions indicated by the log of 
boring, Fig. 8, that the only questionable material, in so far as strength is 


concerned, is the clay between Elevations 344 and 321. The data obtained 
from this material are shown as follows: ‘The strength of this material, in situ 
(quick shear tests), equals 0.155 ton per sq ft. Its consolidation and permeability 
characteristics are as shown in Fig. 9. 

Design of Side Slopes.—In the computations for a slope of 1 on 3.5, the 
position of the center of rotation and the radius of critical are are both deter- 
mined by methods referred to previously. These data are shown by Fig. 8. 
The weight of the material in the structure is assumed to be 100 Ib per cu ft. It 
is assumed that 20% of the cohesive strength of material will be active. The 
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1.5 


1.4 b) PERMEABILITY 


(a) CONSOLIDATION DIAGRAM DIAGRAM 


1.3 
0.03 0.05 0.1 0.2 0.5 1.0 2.0 5.0 10.0, 0.5 1.0 2.0 5.0 


Pressure, in Tons per Sq Ft Permeability, K x1078 
in Centimeters per Sec 


Fia. 9.—FouNDATION INVESTIGATION 


TABLE 3.—CompuTaTION OF TANGENTIAL AND NORMAL COMPONENTS 


HEIGHT, IN 


Segment Width, Frer Area, in Gravitational | Tangential Normal 
o. in square force, in component, component, 
(see Vig. 8) feet cag aaw gc ea feet pounds in pounds in pounds 

Left | Right 

1 10.0 0.0 5.7 28.5 2 850 1980 2 350 

2 10.0 5.7 9.8 77.5 7 750 4 320 6 350 

3 10.0 9.8 12.8 113.0 11 300 5 640 9 820 

4 10.0 12.8 14.6 137.0 13 700 5 750 12 400 

5 10.0 14.6 15.6 151.0 15 100 5 460 14 120 

6 10.0 15.6 15.8 157.0 15 700 4 600 15 200 

7 10.0 15.8 15.0 154.0 15 400 3 230 15 000 

8 10.0 15.0 13.6 143.0 14 300 2 050 14 290 

9 10.0 13.6 11.3 124.5 12 450 785 12 430 

10 10.0 11.3 8.4 98.5 9 850 —80 9 850 

11 10.0 8.4 4.8 66.0 6 600 —550 6 550 

12 10.7 4.8 0.0 25.7 2 570 —315 2 430 

ZAT “ae a oe ae fd te 32 870 ee 
ZAN pa aa Ac sin hd ars ee 120 790 


tangential and normal components for each segment are computed as shown in 
Table 3, from which the factor of safety is computed, as follows: 


120 790 tan 19.4° + (0.13 X 0.20 X 2000) x (131.2) 
32 870 may 
The factors for other slopes considered, are: 


Factor of safety = 


Slope : Factor of safety 
ticles SEL einer enna eat Sec OA Te js ibe el 132 
LBB abuts 64 hy tre one ane ehs el SRG ee ee Oe 1.51 
a: Sima nie Na aie WO eae hE Wt ie EE fa he oe to 1.70 


Foundations.—Probable settlement is estimated in the following steps: 


(1) The increase in vertical pressure on the foundation, in tons per 


34.5 X aH y 


square foot ( 2000 


" 
. 
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pc 


A 


(2) The pressure, in tons per square foot, by which the clay stratum 
has been previously consolidated (estimated from Fig. 9(a)) . 0.315 


(3) Void-ratio corresponding to initial conditions................. 2.04 
(4) Void-ratio corresponding to final condition................... 1.64 
(5) Thickness of compressible stratum, in feet..................- 23 
Be he) es 47 1128-12040 1,64) 
(6) Total settlement, in feet!! = h ih E Tl5.0m be FE 3.0. 
(7) New gross height, in feet, considering allowance for settlement 
RES tro RMS em eer ra Ny ay. wlohe aie wo Oi wing ste hue see 37.5 


A recheck of the settlement, using the new gross height (37.5) gives a new 
value of 3.1 ft, which is sufficiently correct for the purpose; and a recheck 
of the side slopes‘shows the factors of safety for the new condition practically 
unchanged. 

The stability of the foundation is determined as follows: 


(a) Vertical pressure, P, in tons per square foot, created at center of 


_ 37.5 X 100 
structure ( = 2000 ) Nh ES See aie, So a Peh SER Sry 1.875 


(b) Thickness, da, in feet, of plastic zone in foundation (see Fig. 10).. 23.0 
(c) Measured strength, in tons per square foot of foundation (test 
MCCUE MEA eRe eae atte tak t Dying ceo ieps shane wll agentereas 0.155 
(d) Allowable working strength of foundation material, in tons per | 
square foot, to give a factor of safety of 1.25 ( = ee) .. 0,124 
(ec) Base width of structure required, bp, in feet, 


~ Allowable stress —-_: 0.124 


( Pda 1.875 X ot 


(f) Ratio of horizontal to vertical side slope required, allowing for crown 


width of 10 ft and height of 37.5 ft ( = ey 


Side slopes of 1: 4.5 are necessary because of the foundation condition, 
superseding the 1 : 3.5 as required for the material placed in the structure proper. 
Had the standard side slope for the B section, river-side slope 1 : 3.5 (see Table 
1), been used, the factor of safety of the foundation would have been 0.98. 

Seepage.—The factors involved in determining the height of emergence of 
the topmost flow line above the base of the levee (using basic equations advanced 
by Professor Gilboy) are: H = head of water to be impounded; a = angular 
inclination of land-side slope; 6; = horizontal distance from land-side toe of 
section to vertical projection of intersection of river-side slope with water 
surface at a height, H, above the base of the structure; and m H = the vertical 
distance above the foundation of the outlet point of the topmost flow line. 


1 Progress Rept. of Special Committee on Earths and Foundations, Proceedings, Am. Soc. C. E., 
May, 1933, p. 788. 
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These factors are connected by the following implicit function (see Fig. 10 
for values) : 
V1 — m? sin? a : 1+ v1 — m?sin? a 
o = mcota te eee — msina loge (Lito co ee C2) 
The solution of Equation (2) for the value of m, using known values for the 
factors, 0, H, and a, establishes a value of 0.34. The height of emergence above 
the base is equal to m H = 0.34 X 29.0 = 9.9 ft. 


Landside 
~ 
Th ey 
er 
~ 
~ 


Shrinkage and Settlement 


mH=9.9' 
Has Been Accomplished 


The quantity of seepage per foot length of levee per second is expressed by: 
Ov=e Ke mi HSI O84. fe: cites See ee (3) 


5 : oe 1078 
Substituting the proper values in Equation (3): Q = 354 x 12 X 9.9 X 0.217 
= 0.35 X 10-6 cu ft per sec per ft of levee, or 0.11 cu ft per min per mile of 
levee, indicating that little concern is warranted regarding the quantity of 
seepage to be encountered. . 


CONCLUSIONS 


The present levee system for the Lower Mississippi Valley was designed and 
constructed at a time when the science of soil mechanics was ‘‘in its swaddling 
clothes”. The system as a whole has proved satisfactory under the test of 
actual use. However, the empirical methods of design were based upon long 
experience with such structures, the heights of which have increased as have 
the consequent stresses developed. For subsequent improvements, such as 
further enlargements or changes in locations that may have become necessary, 
economical designs may be predicated upon a strength-versus-stress basis, to 
better advantage. Time and funds are no longer necessary to develop empirical 
designs. The fund of knowledge available permits the problem to be attacked 
by this new method which has already “‘ won its fighting pants” in other fields. 

The net effect of applying knowledge gained through soil mechanics appears 
to be toward the elimination of such practices as actually producing failures of 
foundations and later repairing them. Also, it is indicated that the size of the 
sections may be reduced safely through steepening of the present standard 
land-side slopes. For new units involving materials with which there has been 


no experience, savings in time and cost are possible through the application of 
soil mechanics. 


os 
- 


yr 
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QUABBIN DIKE BUILT BY HYDRAULIC-FILL 
METHODS 
By STANLEY M. Dore,#2? M. AM. Soc. C. E. 


SYNOPSIS 


The thorough investigations of materials available for earth dam con- 
struction furnish not only the proper information by which to decide the type, 
dimensions, and cost of the earth dam to be built, but they furnish sufficient 
data to enable contractors to bid intelligently. Such bidding tends toward 
more economical and satisfactory construction. . 

The proper supervision of the construction of a full hydraulic-fill dam is of 
primary importance. The engineer strives to have the structure built safely 
and economically, at the same time securing the best quality, the materials 
available and the difficulty of securing and placing them being carefully con- 
sidered. The control of construction operations by the engineer to obtain 
satisfactory results is influenced to a large extent by laboratory investigations 
and tests of samples from the borrow-pits and from the shoulders and the core 
of the dam. 

The design of a hydraulic-fill dam and the supervision of construction, are 
influenced considerably by the rate of consolidation of the core material that 
will occur during and after the sluicing operations. As far as is known there is 
no existing method of computing this rate of consolidation during construction, 
other than the semi-empirical method presented herein which was developed 
from data accumulated on the Quabbin Dike. This method may be used for 
estimating core consolidation on another project when certain laboratory test 
data pertaining to that project are available. 


INTRODUCTION 


The Quabbin Reservoir" of the Boston, Mass., Metropolitan Water District 
(capacity, 415 000 000 000 gal), will be formed by a main dam and a dike. 
Both are full hydraulic earth dams, the former being 2 640 ft long, 170 ft high 
above the old river bed, and containing more than 4 000 000 cu yd of embank- 
ment above the original surface, and the latter being 2 140 ft long, 135 ft high, 


and containing 2 500 000 cu yd. A typical cross-section of the Quabbin Dike is 
shown in Fig. 11. 


12 Associate Civ. Engr., Met. Dist. Water Supply Comm. of Massachusetts, Boston, Mass. 

18 See ‘‘Boston’s New Water Supply,” by Frank BE. Winsor, M. Am. Soc. C. E., Civil Engi i 
June, 1934, p. 283; ‘‘ Boston Metropolitan Water Bupply Extension,’ by Karl R. ‘Kennison; Mo Am Boe 
C. E., Journal, New England Water Works Assoc., Vol. XLVIII, No. 2; ‘‘Surface and Sub-Surface Investi- 


gations, Quabbin Dams and Aqueduct,” Proceedi Am. Soc. C. E. : i 
Noetea te amate as q ceedings, Am. Soc. C. E., March, 1936, p. 297; and, Engineering 
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Borrow-Pit INVESTIGATIONS 


The quantity and quality of the over-burden in each area easily accessible 
to either the Main Dam or the Dike were first investigated by 2.5-in. bore holes 
and by test pits, 6 to 10 ft deep, dug by hand. The bore holes were driven to 
reasonable depths to ascertain the extent of the earth cover, and dry samples, at 
least every 5 ft apart vertically, were taken from each of them. These holes 
were located frequently enough (generally at least 400 ft apart) to serve as a 
good index of the materials in the area. The bore-hole investigation also 
revealed very approximately, the number and size of boulders to be expected. 
The test pits, to supplement the bore-hole program, were located on hillsides 
and in areas where the earth cover was known or expected to be thin. Samples 
from both places were tested for grain size, permeability, and porosity in the soil 
laboratory. From these investigations, studies and estimates were made for 
each borrow area, to determine the quality and the cost of the structure that 
should be obtained. , 

Areas that seemed to be promising, from the standpoint of quality and cost, 
were further investigated by shovel cuts; that is, excavations made, with a 
power shovel, into the hillside at one or two critical places in each prospective 
borrow area. The excavation of each cut was continued into the hillside or 
slope until a face from 20 to 30 ft high was opened, and representative samples 
were tested in the soil laboratory for grain size, permeability, and porosity. 
The cost of these cuts averaged $1 200 each, four being made for the Dike and 
ten for the Main Dam. Large cuts of this nature offer a very satisfactory 
exhibit to indicate to the prospective bidder the type of materials to be expected. 
They pay for themselves many times over on a large job by eliminating from the 
bidder’s mind much of the uncertainty as to exactly the qualities of materials 
with which he must work. By eliminating as much as practicable of this 
uncertainty, the sum that the careful and preferred bidder adds to offset his 
risk, is correspondingly decreased. 

Materials from some of these cuts, in addition to the soil laboratory tests, — 
were tested in the “sluicing bin” shown in Fig. 12, where they were washed 
down on to the beach of the bin with nozzle streams, the finer particles going 
into a pool at the end. The test subjected the materials to working conditions 
similar to those encountered in actual construction. The qualitative and 
quantitative properties of the materials considered for hydraulic-fill construc- 
tion, can be studied more extensively on the basis of tests made with this bin. 
The results give definite relative values as to the suitability of any material for 
use in the construction. For example, by measuring the quantities of materials 
sluiced and the quantities deposited in sections of the sluicing bin corresponding 
to the beach and core sections of the dam, estimates of the yield of beach and 
core materials from a particular class of borrow material can be made. Further- 
more, porosity, grain size, permeability, specific gravity, and microscopic tests 
can be made on samples taken from the beach and from the core sections of the 
sluicing bin, and the results can be taken as indicative of the properties of the 
hydraulic-fill embankment that will be obtained from that borrow material. 
A larger yield of suitable core materials is required for the upper parts than for 
the lower parts of adam. The sluicing-bin tests can be used to indicate which 
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material or which mixture of materials is the proper one to use in any particular 
height. 

The results of these investigations aided appreciably in the study of several 
methods of building each embankment and in estimating the costs of the 
various layouts. The methods that seemed satisfactory and feasible, and* 
practicable economically, were offered to the bidders as suggestions, only to 
aid them in tendering a fair and intelligent proposal. After the contract for 
each dam had been awarded, the successful bidder was required to submit for 
approval his own plan of operation, which might, or might not, be one of those 
suggested. 

The samples obtained from bore holes, test pits, or shovel cuts are valuable 
in influencing the design of the dam or the layout of the construction plant, and 
the proper design and the prices obtained in the construction contract depend 
to a large extent upon an adequacy of these samples. The Soil Laboratory 
enhances the value of the samples by analyzing the properties and presenting 
the results in a classified and summarized manner so that the results can be 
used easily and intelligently. Such work eliminates much of the guesswork and 
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TABLE 4.—IpEentTIFICATION or Hypravtic-Fitt Dams In Fria. 13 


Curve Curve 


No.* Dam Type No.* Dam Type 
1 Henshaw, California Full hydraulic 8 | Linville, North Caroli Semi- i 
2 Swinging Bridge,t New , 9 Tieton,t ‘Waalinatort ae Sent beeune 
York ’ : Full hydraulic 10 Saluda,t South Carolina Semi-hydraulic ¢ 
3 Dwinnell, California Full hydraulic 11 Magic, Idaho Semi-hydraulic 
: Ras, be Vernpne Seer aene 12 Alexander, Hawaiian 
, Vermont emi-hydraulic Islands i 
: Pogeanully, a Full hydraulic 13 Cobble Mountain, Ba dice 
Creek,} Nor M: hy i 
Carolina Semi-hydraulic 14 Quabbin Dike a bape ea 


Massachusetts Full hydraulic 


* See Fig. 13. + Average of tests. + Minor slip. § Serious slip during construction. 
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difference of opinion that accompanies the visual examination. If soil labora- 


tory results and the classification of samples for various dams already built are 


available, comparative studies can be made of the materials available for 
_ construction and of those used elsewhere. 


Fig. 18, with Table 4, shows a comparison of grain-size analyses curves for 
borrow-pit materials used in Quabbin Dike with those for some other large 


dams. A “full hydraulic” dam is an earth dam built by transporting the 


material on to the dam by pipes or flumes, in suspension in water and depositing 


_ it in the dam by water, a separation of sizes taking place during deposition. 


A ‘‘semi-hydraulic” dam is similar to ‘‘full hydraulic” except that the material 


is transported on to the dam in some other manner, usually in a “dry” state in 


cars, trucks, or wagons. 


ControL Durina CONSTRUCTION 


To control the deposition of material in a hydraulic-fill dam is a complex 


process, and many features must be properly co-ordinated to obtain the best 
results. The analysis of ‘‘hog-box’’ samples and of core and beach samples at 


regular intervals is a valuable part of this control. Periodic tests for grain size, 
permeability, and porosity give indications that the structure is, or is not, 
being built satisfactorily, and they reveal the properties of all parts of the 
structure. 

By the analysis of the hog-box samples the builder is enabled to anticipate 
the borrowing operations, and the engineer is enabled to regulate them properly 
so that poor construction conditions and results may be avoided. These 


_ analyses indicate, directly, to both builder and engineer, any lack of ‘“‘coarses”’ 


for the shoulders or of “fines” for the core, any presence of too large a quantity 
of any one size, and other unsatisfactory size conditions. Any conditions of 
size deficiency or excess can be remedied or corrected as soon as it is indicated 
by the laboratory analyses, by borrowing materials of differently tested 
characteristics from other parts of the borrow area. 

The analyses of core samples, taken at frequent intervals from the dam 
itself, indicate definitely the existence of any coarse tongue or intrusion into the 


core or fine deposit in the shoulders so that corrective measures may be taken 


before construction advances too far. By co-ordinating the result of rod-pipe 
soundings made along the edges of the core and pool with the size analyses 
made from the materials there, an inspector can learn to judge the quality of the 
core material by the resistance offered to the penetration of hisrod. Thus, he 
can feel any coarse tongue that projects into the core. With routine testing 
the grain-size test acts as a constant check on his judgment. If these tests are 
made reasonably close (say, every 100 ft along the edges of the pool) and are 
supplemented by the rod-sounding work, unsatisfactory conditions can be 
ascertained for correction. 

Glacial sands and gravels usually have such high internal frictional resist- 
ances, that shear tests are not necessary to the design, because a conservative 
cross-section obtained by using reasonable up-stream and down-stream slopes 
normally has ample volume and weight to withhold the pressures from the core 
during and, of course, after construction. For some types of materials, such as 
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those obtained from alluvial ‘deposits, shear tests should be used extensively 
to determine the qualities of the shoulders of the dam or the foundations under 
it, and in such cases the results will control many features of the design. How- 
ever, an occasional shear test for any type of material is a valuable check of the 
qualities already judged suitable by visual inspection. In the case of control 
-during construction, shear tests on the core material of a hydraulic-fill dam have 
a definite utility, as the frictional value of the core increases with the con- 
solidation. If, from tests, the shear is determined for various degrees of 
consolidation of the core material, the safe rate of progress of construction and 
the rate at which the width of the core can be decreased safely can be controlled 
more intelligently. At Quabbin Dike the shearing resistance of the core 
materials, even a few days after being deposited, was sufficiently large so that 
it was unnecessary to limit the rate of construction or the rate of decreasing 
the core width. 

Core samples should be analyzed for moisture contents (or porosity) at 
frequent intervals to determine the rate at which the core consolidates during 
construction. These specimens can be obtained by sinking a pipe well into 
the core and taking samples, at various elevations, in as near an undisturbed 
condition as practicable. Although the core materials may vary in properties 
over a wide range, the results of the moisture content determinations, in 
conjunction with grain-size analyses curves, will show a definite trend of the 
rate of consolidation. 

At Quabbin Dike a steel pipe of 0.5-in. plate, 36 in. in diameter, was built 
vertically in the core during the construction (see Fig. 14) and this well was 
equipped with ports through which samples can be taken at various elevations. 
If desired the samples can be taken several feet away from the observation well 
by the use of long tubes. Samples from the ports of this well were taken at 
regular intervals (approximately one month) and tested for grain size and 
porosity. The results indicate that certain definite laws operate to control the 
rate at which the core materials consolidate during construction. 

In the very first stages of the consolidation considerable water is released 
from the part of the core near the bottom of the pool through vertical springs 
into the pool; but for parts of the core covered substantially, the drainage is 
mostly horizontal. The edges of the core consolidate more rapidly than the 
center for two reasons: First, they are nearer the coarse, and free-draining, 
parts of the dam, and the water squeezed out of the pores is quickly carried 
away; and second, they usually contain the coarser of the core deposits which 
will yield its water relatively quickly because the permeability coefficients are 
correspondingly higher. 

Disregarding this more rapid consolidation of the edges, and assuming that 
there is only one consolidation rate for the core over its entire width, for each 
increment of height, the degree of consolidation during construction can be 
expressed by an equation involving the quantity of water squeezed from the 
core material, to effect a certain consolidation, as follows: 
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in which Q = the rate of discharge, in cubic feet per day; K = permeability 
coefficient of the core material at the given location; H = head of water from 
the surface of the pool to the elevation considered, in feet; b = breadth, or 
width, of the core at the given elevation, in feet; A = area, in square feet; and 
t = time required to drain the necessary water to secure a given consolidation, 
in days. The core material is not of uniform permeability, but as it is deposited 
in horizontal layers, the changes in permeable characteristics are horizontal, 
and a strip the entire width of the core would tend to have nearly the same 
permeability although different from the adjacent strip above or below. 
If A = a unit area of 1 sq ft, Equation (4) becomes, 


Although it is known to be a mathematical approximation, Equation (5) is 
believed to be sufficiently correct in making determinations of consolidation 
during construction because, during that period, the core material has usually 
not reached a state in which the compressibility of the material affects the 
consolidation rate to an appreciable degree. Observations made on the core of 
the Quabbin Dike indicate the practicability of its use (see Fig. 15). 

Equation (5) is used as follows: 


(1) Estimate the permeability of the core material, for the location con- 
sidered, for varying degrees of porosity or water content. The data for such 
estimation are obtainable from permeability tests on core material made by the 
soil laboratory. A constant value cannot be used, as permeability varies 
appreciably with porosity. 

(2) Assume increments of reduction of porosity as consolidation progresses, 
and solve for the value of A Q corresponding to such reductions (the smaller the 
increments the more accurate the determination). 

(3) Substitute AQ for Q in Equation (5) and the proper values of K, H, 
and b. The time, At, required to effect the increment consolidation due to the 
squeezing out of the water, AQ, can then be computed. 

(4) Add the values of At. The total time required to effect the consolidation 
between any two given porosities can be obtained for the particular conditions 
of pool level. As the pool level usually changes during this period, a time-pool- 
level curve should be plotted and, progressively from that curve, the proper H 
to be used in each increment determination can be estimated. 

(5) The beginning of any period considered should be taken when the 
material is no longer in complete suspension in the water. This state is 
represented by a different porosity for coarser than for finer core materials 
(about 65%, 60%, and 55% for materials containing 30%, 20%, and 10% less 
than the 0.01 mm size, respectively). 


Fig. 15 shows a series of curves of the time of consolidation plotted against 
porosities for materials of various characteristics found in the core of Quabbin 
Dike. The curves were computed theoretically by means of Equation (5). 
The circles indicate observed porosities of samples taken from the core, and the 


line and arrows indicate the difference between the theoretical and the observed. . 
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The differences between the two are minor in the upper parts of the diagram, 
and the use of Equation (5) should be limited to construction conditions in 
which the core materials are in a highly saturated state, and in which the degree 
of consolidation has not progressed far enough to permit great support of the 
overlying load to be carried by the solids of the core. 
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Fig. 15.—ConsoLipaTion DIAGRAM 


The load above any volume of core materials is transmitted through it in 
two ways: Through the water, which is compressed and squeezed out as fast as 
the permeability of the core will permit; and, after sufficient relief by drainage 
of such excess water, through the solid particles of the core. The transition 
from the condition of full load carried by the water to load carried almost 
entirely by the core solids is usually an extremely gradual one because of the 
slow drainage of the tight core materials. However, the average construction 
condition is such that the entire load is not transmitted through the water. 
This state is one that exists when. the solids are suspended in the water and 
occurs only in the materials in or near the bottom of the pool. This suspended 
state is quickly relieved by vertical drainage into the pool itself. The core 
materials are then in a state such that the solids are not suspended, but rest 
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lightly upon each other, receiving some light and partial support through the 
solids beneath. It is this condition, or a similar one, which exists in the core 
as long as the pool is maintained full of water for the subsequent construction 
operations above; and Equation (5) is usable for just such conditions. This is 
the reason why H is the head of water. The excess weight of the liquid core 
over that of the water is neglected because of the partial support the solids 
obtain from each other and from those below in their loose and unstable state. 

Thus, the writer believes that this construction consolidation formula 
(Equation (5)) can be used on other dams for regulating the speed of con- 
struction, when the shoulder materials are not as good as at Quabbin; or it may 
be used in making less conservative shoulder designs, in those instances, than 
are at present in use. 

After the pool is drained and the excess water is slowly carried away, there is 
a slow transition into an entirely different condition in which support of the load 
above is largely, if not entirely, carried by the core solids. For this latter state, 
of course, Equation (5) is not applicable, and the rate of consolidation then is 
appreciably affected by the compressibility of the solid matter in the core. 

However, for a silt or rock-flour core such as that at Quabbin where the 
percentage of true clay is very low and where there are practically no colloids, 
the texture of the core is a fine-grained solid one; and a condition in which the 
core particles will support the entire load above is reached relatively quickly 
after the pool is drained. Instead of a great number of years before most of the 
consolidation is secured, tests indicate that probably most of the core is almost 
completely consolidated within two or three years. Some parts of the core, 
such as those which have material 30% or 35% finer than 0.01 mm, will probably 
settle for many years before reaching a fairly compact state approaching the 
limiting or stable state; but most of the core, especially those parts with material 
coarser than 20% finer than 0.01 mm, will reach their limiting state much more 
quickly. Observations made on samples taken from the core indicate that such 
periods are approximately as follows: 


Percentage of core Time required for 


material finer than consolidation to reach its 
01 mm limiting state, in years 
LOisy erst omens SA Oat pak Nn he pee ee 1 to 2 
Lays ceccshedsy PRE ieee Oe ee 1.5 to'3 
QO See tins ae Ee I 3 to 6 


In each case ¢ is measured from the time the pool is first drained of water. 
Comparisons made with the consolidation formula!‘ introduced by Glennon 
Gilboy, Assoc. M. Am. Soe. C. E., indicate that much longer periods would be 
expected but the result of tests of the core materials of Quabbin Dike leads the 
writer to believe that the rate of consolidation of solid-grained core materials 
of specific gravity of 2.6 to 2.7 similar to those in Quabbin Dike will be much 
more rapid than Professor Gilboy’s formula indicates. 

The consistency of core materials in a hydraulic fill when a fairly stable 
state of consolidation is reached, has been the subject of much discussion. 
Observations made to date (1937) on the core indicate that, for material of a 


4 ** Mechanics of Hydraulic Fill Dams,” by Gl Gil 5 . M. i 
Soe of Grcditare, Jue Weep tah y Glennon Gilboy, Assoe. Am. Soe. C. E., Journal, Boston 
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size 25% finer than 0.01 mm, or coarser, the stable state will be at least that of a 
stiff putty. Even the finer portions will be in a putty-like state, but softer; 
and there will be no such condition as a permanent liquid or semi-liquid core 
condition. 

The impression that the lower parts of the core consolidate more quickly, 


due to the pressures from above, is not entirely true, because the width of the 
core is narrower near the top and consolidation occurs quickly at low pressures 


because the excess water can soon reach the permeable shoulders. Observa- 
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TABLE 5.—IpENTIFICATION oF Hypravuic-Fitt Dams IN Fig. 16 
cane Dam Type Gare Dam Type 
1° | Henshaw, California Full hydraulic 8 Huffman, Ohio E Full hydraulic 
2 Swinging Bridge, New 9 Calaveras, California Full hydraulic 
or Full hydraulic and semi- 
3 Dwinnell, California Full hydraulic hydraulic | 
4 Davis Bridge, Vermont Semi-hydraulic 10 Soft Maple, New York Full hydraulic 
5 Bridgewater, North 12 Alexander, Hawaiian 
Carolina s RAS Islands { Full hydraulic 
6 Germantown, Ohio Full hydraulic 13 Cobble Mountain, . 
i Lockington, Ohio Full hydraulic Massachusetts Full hydraulic 
14 Quabbin Dike, 
Massachusetts Full hydraulic 


* See Fig. 16. 
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tions to determine the porosities of core samples indicate that after the pool 
has been drained, the rate of consolidation is fairly uniform throughout the 
core and that the pressure due to the depth does not then cause faster con- 
solidation in the lower sections probably because, with the greater width, a 
relatively longer time is required to carry away the excess water even if it is 
under a greater pressure. 

The qualities of the hydraulic fill obtained from the borrow-pit materials 
indicated in Fig. 13 are summarized in diagrammatic form in Figs. 16 (with 
Table 5), 17, and 18. Fig. 16 with Table 5 shows also a comparison of the core 
material of Quabbin Dike with those of other similar structures. More than 
8 000 samples (4 500 from the core and 3 500 from the beach) were analyzed 
for grain size in the Soil Laboratory and Fig. 19 gives the average percentage of 
these samples finer than the 100-mesh sieve (0.149 mm), the 200-mesh sieve 
(0.074 mm) and the 0.01-mm size for various locations in the core and shoulders 
of the dike. 
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Fie. 17.—Grain Sizes; MATERIALS IN BEACHES AND CorRE 


SEEPAGE ESTIMATES 


The quantities of water that will seep through the earth core of Quabbin 
Dike will be extremely small, but estimates were made to determine reasonable 
requirements for water-tightness of the core materials and reasonable dimen- 
sions to which to build the core, the qualities of the available borrow materials 
considered. The flow net method" was used in these estimates. It consists of 
establishing the location of the seepage flow lines, from them determining the 
equipotential loss-of-head lines, and computing the seepage from the latter in 
terms of the assumed permeabilities of the core and beach materials. The 
result is expressed in terms of K, the coefficient of permeability of the core 
materials; and by substituting the values of K that are considered as reasonable 


18 See ler Congrés des Grand Barrages-Scandinavie, Vol. III and IV, Juin-Juillet, 1933. 
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in the result, seepages for different qualities of cores can be secured. The 
locations of the flow lines were made mathematically by ‘‘cut and try”’ methods, 
and were checked experimentally by use of a laboratory model similar in some 
general respects to that described in 1934 by Hibbert M. Hill, Assoc. M. 
Am. Soe. C. E.1 
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Fic. 18.—Propmrtizs or Materials IN BEACHES AND CORE 


This model was a small water-tight wooden tank with a heavy plate-glass 
front (see Figs. 20 and 21). Asthe beach materials are many times as permeable 
as the core, the slope of the flow lines up stream and down stream from the core are 
exceedingly flat; and a satisfactory check on the location of the flow lines can be 
obtained by finding their position in and through the core itself. For this 
reason the sections tested were those of the core only. Several sections of core 
were considered, and their patterns were cut from aluminum plates about 0.1 in: 
thick. 

When tested, the plate was set next to the glass front, and held at a uni- 
formly short distance from it by metal shims. It was then backed up by a 
wooden, water-tight bulkhead which divided the tank into two parts. Water 
to the equivalent reservoir level was maintained in one-half the tank and to the 
equivalent tail-water level in the other half. 

The first tests showed that laminar or stream-line flow was obtained 
throughout when the spacing between the glass front and the core plate was 
0.006 in., or less, although a spacing of 0.012 in. could be used with only a small 
amount of turbulent flow occurring near the caisson cut-off. For greater 


16 Civil Engineering, January, 1934, p. 32. 
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spacing the area of turbulence increased in size. As the seepage of water 
through soil is laminar or stream-line flow, the spacing during testing was 
limited to less than 0.006 in. 
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Fic. 19.—Srmvp anp Hypromrerer ANALYSES RESULTS 


Some difficulty was experienced with air bubbles and with capillary action 
near the top of the core section. The former was controlled, to some extent, by 
running the water until the temperature of the tank was the same as that of the 
water. Thelatter was eliminated by use of a metal shim, shaped experimentally . 
to reduce the effect of capillarity on the flow lines without depressing or other- 
wise unduly affecting their location. This shim was placed between the plates 
at the top of the core near the water level and prevented any water from being 
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raised into the space between the plate and the glass above the upper normal 
laminar flow line, which was determined experimentally. 

As Figs. 20 and 21 indicate, a dye was introduced into the water through 
small openings just up stream from the core plate. This dye would travel 


Fig. 20 Fie. 21 


slowly across the core plate along the seepage lines, and the locations of these 
lines could thus be photographed. They checked with the mathematically 
determined locations in an extremely accurate manner. Turbulent flow was 
easily ascertained by observing the action of the dye in traveling across the 
plate. 

The core section finally chosen was 100 ft wide at an elevation of 120 ft 
below the full reservoir level, with side slopes of approximately 3 on 1. In- 
creasing this width of 100 ft to 120 ft would have reduced the seepage only 
about 7%, decreasing it to 60 ft would have increased the seepage about 33 
per cent. Because of the very small seepages considered, the width chosen was 
determined principally by the more important factor, the probable minimum 
yield of suitable core material from the available borrow materials. 


STABILITY DuriInG CONSTRUCTION 


Estimates of stability of the Quabbin Dike were made for many assumptions 
of conditions. These estimates led to the development of a nomographic chart 
(see Fig. 22) for solving in a short time the rather cumbersome Gilboy formula: 


AGE. Oe EE VG, — A. VG. —Bvi+ AZ J 
Vrw = rena Cr ACh SB) ee (6) 


in which r» = the ratio of the unit weight of core material to the unit weight of 
the shoulder material; A, = co-tangent of the angle of the core slope with the 
horizontal; B = co-tangent of the angle of internal friction of the shoulder 
material; and C, = co-tangent of the angle of the outer slope, with the 


horizontal. 
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If the dimensions of the core and beach sections and the unit weight of the | 
core and shoulder materials are known or assumed, the internal friction or 
shear value necessary for stability can be estimated quickly from the chart; or, 
if the qualities of the shoulder and core materials are assumed, the outer slopes 
of the dam required for cores of assumed or required dimensions can be 
computed. 
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Equation (6) is based on the assumption that the core is liquid throughout, 
which is considerably on the safe side; but if the estimator has data upon which 
to base an assumption that only some fraction of the full liquid pressure is being 
developed for the conditions in mind, Fig. 22 can still be used by multiplying the 
ratio, r», directly by the percentage of the full liquid pressure that is existent, 
and using the corrected value of r, in the graphical solution. 
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It will be noted that A, and C, are the usual slope constants, representing 
the ratio of horizontal run to vertical rise. Thus, an outer slope of 1 on 2.5 
corresponds to a value of C;, equal to 2.5. Values of C; are indicated on the 
scale on the left side of Fig. 22; values of A, are on the scale of the right side. 

The procedure for using Fig. 22 is as follows: Assume that the width of core 
at Elevation 410 was 100 ft and that the hydraulic-filling has progressed to the 
point at which the core has reached Elevation 450 with a width of 69 ft. This 
corresponds to a core slope of 1 on 0.387, which, if continued upward, would 
intersect the center line at Elevation 540.5, from which point the outer slopes 
are closely approximated by a line having a slope of 1 on 2.76, as shown in 
Fig. 23. 


Fia. 23 


Assume that the ratio of unit weight of core to unit weight of shell is 1.1 and 


that the angle of internal friction of the shoulder material is 45 degrees. It 


is desired to determine whether the section is stable. 

A straight-edge is placed on 2.76 on the scale at the left and on 1.1 on the 
45° line in the center of Fig. 22. This intersects the right-hand scale at 0.7 and 
indicates that for the conditions assumed the section is stable, since the values 
of A, in the right-hand scale are maximum values for stability. Conversely, 
the values for C; at the left are minimum values. 

The beach materials at Quabbin Dike in the outer portions of the shoulders 
weigh as much as 135 lb per cu ft and average probably about 120 to 125 lb 
per cu ft. The core materials weighed about 100 lb per cu ft when first de- 
posited and from 110 to 125 lb per cu ft when the dam was completed. For 
stability based on the assumption of full liquid pressure from the core, an in- 
ternal friction angle of less than 30° in the shoulder materials was required. 
These shoulder materials had a tested friction angle of more than 45 degrees. 
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STABILITY OF EMBANKMENT FOUNDATIONS 
By B. K. Houau, JR.,17 JUN. AM. Soc..C. E. 


SYNOPSIS 

The analyses made in connection with the design of two large rock-fill 
embankments proposed as part of the now discontinued Passamaquoddy Tidal 
Power Project, included certain unusual studies of stress distribution in 
clay foundations and the character of embankment settlement resulting from 
foundation over-stress. The report of these studies, which is presented herein, 
is intended to describe the general nature of the findings and to draw attention 
to a possible need for the extension of analytical methods (which, at present, 
are chiefly concerned with designing embankments so as to prevent over-stress 
of the clay type of foundations) to new methods in which a condition of over- 
stress is accepted for economic reasons, and the extent of the resulting embank- 
ment settlement is computed as the basis for cost estimates. 


INTRODUCTION 


In the field of Soil Mechanics, which itself is a new and specialized branch of 
Civil Engineering, a certain degree of internal specialization already seems to be 
in progress. One of the most recent manifestations of this process is the rapid 
growth of a group the members of which are chiefly concerned with the problems 
involved in the construction of large earth or rock-fill embankments. 

One general and obvious requirement confronting an engineer in designing 
an embankment is that, after completion, the proposed embankment shall be 
stable. This involves, first, a determination of the physical characteristics 
(notably shearing strength) of the foundation and embankment material; then, 
a calculation of the stresses created within the embankment and extending from 
the embankment down into the foundations; and, finally, a judicious comparison 
of strength with stress in the light of past experience and a full realization of the 
limitations of the analytical methods and the test data which he had used. 

Both experience and theory now seem to indicate that analyses for stability 
vary widely in character and complexity with the type of material encountered 
in the underground, and the nature (that is, both the material and the design) 
of the embankment. The soil over-burden at a dam site is generally either 
predominantly cohesive or cohesionless, and most embankments, with particular 
reference to their so-called impervious cores, may be classified in the same 
manner. The four possible combinations of conditions resulting from such 
classification represent four fairly distinct types of problems, each of which 
requires a certain degree of special treatment. Additional complications are 
introduced by the various methods of building embankments, such as rolled 


or hydraulic fill, and if rolled, whether compacted to a high or low relative: 


density. The scope of this paper is limited to a discussion of certain studies 
17 Associate Engr., U. 8. Engr. Office, Ithaca, N. Y. 
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which have relation to a definitely cohesionless uncompacted embankment 


- founded on a relatively uniform, cohesive foundation. Methods of laboratory 


testing, model studies, and analysis of data performed in the U. 8. Engineers 
Soils Laboratory for the Passamaquoddy Project are described, since it is 
believed that certain experiments performed there may point to a new con- 


. ception of the action of embankment foundations. The work done at Eastport, 


Me., on this problem was predominantly of a qualitative nature, and it is hoped 
that the findings as reported herein will stimulate further and more detailed 


' studies. 


FouUNDATION EXPLORATION 


In leading up to the subject of this paper, the following description of the 
drilling operations in the foundations is given as a matter of general interest. 
In Eastport, the problem of foundation investigation for the two largest dams 
presented unusual difficulty. Known, respectively, as the Eastport and Lubec 
Dams, these structures were intended to, close two channels or passages between 


- the ocean and the waters of Cobscook Bay, the high level pool of the proposed 


power development. The unusual difficulty lay in the fact that each of these 
channels was approximately 3 500 ft wide, that in each channel the tidal range 
had a magnitude of about 26 ft, and that the resulting flow of water occurred 
with a velocity sometimes as great as 6 ft per sec. The soil over-burden to be 
explored lay at the bottom of these channels under depths of water as great as 
100 ft, and from a somewhat limited investigation previously conducted, was 
believed to be predominantly a deposit of soft marine clay. In the exploration 
described herein, one drill hole was actually driven to Elevation — 274.5 before 
rock was encountered. 

Drilling for exploratory purposes, and to obtain undisturbed soil samples 
suitable in size and character for compression and shear tests, was conducted 
from two large derrick-boats, one operating in each channel. To protect the 
6-in. drill casing from the force of the tidal currents and to provide a stable 
support for the drill platform, an extra heavy 21.5-in. casing or spud was first 
erected in sections over the sides of these boats. All guys to the top of the spud 
and all anchor lines to the boats were led to hand winches, constantly attended 
so that the spud could be kept vertical and the position of the boat maintained 
at all times, despite the rise and fall of the floating plant with the tide. The 
bottom of the spud was allowed to penetrate the over-burden sufficiently to 
give it lateral stability, while the weight of the spud and drilling equipment was 
carried by a large, circular plate clamped to the spud a short distance above its 
lower end so that it had bearing against the surface of the over-burden. After 
erection of the spud, the drill rig was mounted on the platform provided at the 
top and drilling was conducted in normal fashion in a 6-in. casing inside. A 
general view of the barge in actual operation in the Eastport Channel is shown 
in Fig. 24. In this work the importance of obtaining undisturbed soil samples 
for accurate foundation studies was realized and close inspection of the con- 
dition of all samples was made in the laboratory. Some comment is made 
subsequently on the effect of disturbance of samples, as indicated by the test 
data obtained in the Eastport Laboratory. 
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Fie. 24.—Drrp-WatrerR Driviina, PassaMaquoppy TipaL Power Prossct; 160-Foor SprEp 1Nn 120 
Fret oF WATER 


LABORATORY TESTING 


Routine soil testing on this project was performed by methods which in 
general character are similar to those in use in the Soil Mechanics Laboratory of 
the Massachusetts Institute of Technology, Cambridge, Mass. The equipment 
used for performing the shear and consolidation tests was the same in principle 


Fic. 25.—Snear Trestinec Macuine with SHEAR Fic. 26.—Som Sampies BrrorE AND 
Box In Posirion ArTER SHEAR TEstT 
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as that designed by Glennon Gilboy, Assoc. M. Am. Soc. C. E., for the U. 8. 
Engineer Laboratory, in Zanesville, Ohio.!8 The shear machine, shown in 
Fig. 25, is operated in such a manner that the rate of horizontal strain of the 
sample during the test is constant. The particular rate chosen for standard 
tests on clay samples of the type shown in Fig. 26 was that which was found to 
give the most conservative value of shearing strength for the type of material 
tested. A rate of strain commonly used was 0.05 in. per min. In testing 
cohesive samples, a relatively light vertical load was used, in general equal to 
about one-fourth the horizontal pull. No effort was made to determine an 
apparent angle of internal friction for clay samples and no increase in natural 
shearing strength was allowed as a result of possible consolidation during the 
construction of the embankments. The shear tests were run simply to de- 
termine the natural shearing strength of the deposit of cohesive material at the 
site of the proposed structures. 


Fic. 27.—Vinmw oF ConsouipaTion MacHINE 


At this point it seems advisable to acknowledge the fact that most of the 
statements made in the foregoing paragraph touch on highly controversial 
subjects. In making these statements, it is hoped rather than feared, that 
they will provoke discussion and constructive criticism. Consolidation tests 
were performed with the equipment shown in Fig. 27, and the method used for 


18 Engineering News-Record, May 21, 1936, 
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plotting test data was that developed!? by Donald W. Taylor, Assoc. M. Am. 


Soc. C. E. 
Errect or SAMPLE DISTURBANCE 


Correlation of the data from shear and consolidation tests was found to 
give an indication of the degree of disturbance suffered by individual samples 
during the drilling operations. Fig. 28 shows stress-strain curves, A and B, 
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respectively, for an undisturbed sample and for the same sample retested after 
complete remoulding. It will be noted that the character of the curves is quite 
different. It was decided, therefore, that when a test on a supposedly undis- 
turbed sample yielded data which when plotted had the appearance of Curve B, 
the sample should be regarded with some suspicion. Curves A and B in Fig. 29 
are pressure, void-ratio curves for consolidation tests on undisturbed and 
remoulded samples, respectively, and also show noticeably different charac- 
teristics. 

Attention is invited to the foregoing considerations and the suggestion is 
made that through a careful examination of test data in some similar manner, 
a judgment may be reached as to the value of the sampling methods in use on 
any particular project. More attention in the future than has been given in 
the past to this detail of laboratory testing is believed to be advisable and may 
lead eventually to the development of more dependable sampling technique. 


Summary or Trust Data 


Correlation of drilling and testing records made possible the preparation of 
the profiles shown in Figs. 30 and 31. The information given in these diagrams 
may be amplified by the statement that, in general, the shearing strength of the 
clay in the Eastport Channel tends to increase with depth, whereas the reverse 
condition exists in the Lubec Channel. The average values in both cases range 
between 0.1 and 0.2 ton per sq ft, although in the Eastport Channel lower values 
predominate and in the Lubec Channel a few values as high as 1.0 ton per sq ft 
were found. The average water content for samples from both channels is 


19*‘Improving Soil Testing Meth ”" by G i . M. ‘ . C. B. i i 
News Bios, Menon 19h ethods”’, by Glennon Gilboy, Assoc. M. Am. Soc. C E., Engineering 
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about 30% of the weight of solids. The general variation of water content 
with depth was found to be in agreement with the variation of shearing strength, 
since in the Eastport Channel it decreases with depth and in the Lubec Channel 
it increases. 


A mechanical analysis of the material from both channels showed 
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that it had a colloidal content of about 20% and about equal percentages of clay 
and silt. Its specific gravity is approximately DTS 


PROPOSED STRUCTURE 


On this material it was proposed to build a structure of the type shown in 
Fig. 32. It was intended to construct the rock-fill section of these dams first 
as a separate operation in order to effect closure of the channels and, after this 
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step, to seal the dams with a relatively impervious soil blanket placed on the 
‘““up-stream”’ face. It should now be evident that the previous reference to a 


’ definitely cohesionless embankment is justifiable in connection with these 
structures. Nearly all the material in these dams would be placed in flowing 
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Rock Fill Section 
Fig. 32.—OnicinaL Typical Section or Eastport anD LusEec Dams 


water and no rolling or compacting by artificial means was contemplated. In 
all probability, the finest sizes included in the lower part of the completed rock- 
fill would be classified as coarse sand, whereas, in the section above Elevation 
— 30, the use of 20-ton stone was proposed. The first consideration in the 
required analysis, therefore, was the degree of stability of the foundation ma- . 
terial under the load of this cohesionless rock-fill section alone. 


PRELIMINARY ANALYSIS 


In the first analysis made, the methods developed by Leo Jurgenson”® were 
utilized to obtain an approximate solution. This resulted in showing that the 
proposed rock-fill structures, although partly submerged, were of such pro- 
portions as to create shearing stresses greatly in excess of the shearing strength 
of the foundation material. Comment on the applicability of Jurgenson’s 
method to this particular problem is deferred to the latter part of this paper. 
Considerable importance, however, was attached to the preliminary finding that 
in order to achieve stability of the proposed rock-fill, the base width would have 
to be increased from five to ten times. The additional quantity of fill material 
required for this alternate design was found to be so considerable that the 
possibility presented itself of effecting an economy by building the embankment 
with the relatively steep slopes originally planned and letting failure and 
displacement of the underground take place, even if eventual settlement to 
rock resulted. This precipitated a discussion as to the extent and character of 
the settlement which might reasonably be expected, assuming that as indicated, 
the clay foundation material would actually be over-stressed before the em- 
bankment reached final grade. 

In contemporaneous foundation problems, the writer believes this situation 
to be rather unique. Many embankments and highway fills have failed due to 
unexpected lateral displacement of a soft, underlying stratum, but few, if any, 
of these structures had been investigated and designed by the principles of soil 
mechanics. In such cases as have received treatment by these methods, the 
objective of the analytical work has been to attain an actual factor of safety 
against over-stress by flattening side slopes to a degree which would reduce the 
induced shearing stresses to a value less than the strength of the weakest part of 


20‘*The Shearing Resistance of Soils,” by Leo Jurgenson, J al, Bost iv. 
Bet, Now tee ie i y urg m, Journ oston Soc. of Civ. Engrs., Vol. 
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the foundation. A definite lack of precedent was found, therefore, on procedure 
for an embankment analysis in which failure and at least partial displacement 


__ of the underground was actually contemplated, although as an exception to this 


statement the special case of settling highway fills by dynamiting soft underlying 


material may be cited. 


Move. StTupIEs 
The available information was so limited as to the type or extent of settle- 
ment to be expected, that some experimentation was considered necessary as a 
preliminary to deciding on a method of attacking the problem. Already set up 
in the laboratory was a simple polariscope (shown diagrammatically in Fig. 33) 
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which had been used previously to study the distribution of shearing stresses in 
gelatin models by photo-elastic methods. By using a weak pour of gelatin 
and gradually increasing the height of the model dam over that previously used, 
the gelatin was finally made to fail under the load, a procedure quite different 
from that followed in ordinary work with this model, when failure of the gelatin 
was studiously avoided. Settlement of the model embankment resulted, of the 
type shown in Fig. 34. This view was photographed through the analyzer and 
besides showing the shape and outline of the embankment section after failure, 
it also shows a number of stress bands in the gelatin beyond the toes, where 
evidently the gelatin was not overstressed. Interesting though this last point 
may be to some, the particular object of introducing Fig. 34 is to show the 
character of deformation that occurred under the embankment. It is quite 
clear that, in this case, settlement was not maximum under the center line, 
although numerous predictions to this effect had been made, but rather it is 
apparent that maximum settlement occurred at points on either side of the 
center line, about half-way out toward the toes. This experiment was repeated 
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a number of times under a fairly wide range of controlling conditions until it was 

established as being typical. From this work, the type of settlement obtained 

was termed “heart shaped’’, due to its resemblance to the lower part of an 

inverted heart. 


Fig. 34.—SETTLEMENT OF Mopnit EMBANKMENT 


From the beginning of the work with this model, it was clearly understood 
that in many ways it failed to achieve the necessary similitude to conditions in 
the prototype. Without discussing in detail its obvious shortcomings, it will 
be stated that this was simply the first and easiest method available for ob- 
taining a qualitative idea of the type of action to be expected under the assumed 
conditions. To eliminate some of the sources of dissatisfaction, a second type 
of model was developed for the purpose of securing a closer approximation of the 
actual conditions. In this second model the material used to represent the 
underground was clay, much of which was obtained from samples taken at the 
actual dam sites, and the proportions of the model were changed so that the 
axial length of the section of dam being studied was considerably greater. 
Fig. 35 is a general view of the apparatus in which this study was conducted. 
The preliminary test procedure was to build up a bed of uniform, remoulded 
clay in the rather shallow tank and then, using irregular lead slugs, to construct a 
model dam across the center, following as nearly as possible the construction 
program contemplated for the prototype. During the test, movement of the 


Fig. 35.—Tapie ror Mong, Stupy or SETTLEMENT CHARACTERISTICS OF PRoposED STRUCTURES 
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clay under the embankment load could be watched through a window in one 
side of the tank. 

To facilitate this observation, small white reference points were inserted 
between the clay and the window at the intersections of a grid system, prior to 
loading. Successive positions of each point were marked on the glass so that at 
the end of each test their individual paths were determined. At the center of the 
model, in a section perpendicular to the axis of the dam, a series of vertical 
reference lines was inserted. The deformation of these lines could not be 
observed during the test, of course, but were exposed afterward by removing 
the embankment and cutting the model along the mid-section, a view of such a 
section being shown in Fig. 36. The originally vertical reference lines may be 
seen clearly, and the profile of the clay is shown to have assumed the previously 
mentioned ‘“‘heart shape”’. Also, plainly visible, are the so-called ‘‘mud wave” 
formations on either side of the embankment. 

This confirmation of the results previously obtained, although still of a 
qualitative nature, was very encouraging. In this connection, attention is 


Fic. 36.—Cross-SEcTION OF SETTLEMENT Unper Moprt DAM 


invited to the experience of A. Casagrande, Assoc. M. Am. Soc. C. E.4 and 
Professor Gilboy,22 who noted a similar type of failure under embankments on 
soft foundation material. Sufficient confidence in the accuracy of the general 
character of this work was gained from this accumulation of evidence to 
proceed with the development of a quantitative method of analysis for use in 
solving the particular problem previously outlined. 


Haines MertruHop 


Continued experimentation with the clay model and careful observation of 
its action during test, led to the development of a method of stress analysis 
before failure, and a method of determining the extent of settlement after 
failure, of proposed embankments. The details of this analytical method were 
developed by R. M. Haines, Jun. Am. Soe. C. E. 


2‘*The Shearing Resistance of Soils”, by Leo Jurgenson, Journal, Boston Soc. of Civ. Engrs., Vol. 
XXI, No. 3, July, 1934; Discussion by A. Casagrande, p. 976. 

2 ‘Stability of Embankment Foundations ’’, by Glennon Gilboy, Assoc. M. Am. Soc. C. E., Transac- 
tions, Third World Power Conference, Washington, D. C., 1936. 
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A characteristic set of records for the clay-model testing is shown in Fig. 37. 
Inspection of this diagram led to the conclusion that movement of the reference 
points was largely circular under the dam and became linear under the mud 
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waves. This type of movement was recognized as being similar in general 
character to that predictéd by Professor Dr. H. von Krey, of Berlin, Germany, 
for the movement of plastic material under long footings. Development of the 
Haines method proceeded from this observation to the task of making an 
analysis of the conditions of equilibrium along a failure surface also similar to 
that defined by Krey, but in this case located by trial and error in a manner 
somewhat resembling the work of K. E. Petterson, member of the Swedish 
Geo-Technical Commission in 1914-1922. Location of the failure surface and 
development of the statical analysis were facilitated by finding that the 
movement of the reference points indicated a common center for all points 
moving in circular paths, and that the linear movement was tangential to the 


circular. Failure surfaces for a ratio of a = 4areshownin Fig. 38. It will be 


noted that that balancing effect of the mud wave is taken into account in Haines’ 
analysis and that one effect of this mud wave is to cause the failure surface to 
move outward as settlement progresses. Statical analysis of the surface in 
Fig. 38(a) was made to determine whether or not a given section would be 
initially stable, whereas analysis of surfaces, such as those in Fig. 38(), as- 
suming in succession various settlements, was made to determine how much 
settlement could be expected when initial stability was not indicated. (In 
Fig. 38(b), Line BEO is the shear plane for 50% settlement; Line AZO is the 
shear plane for 75% settlement; Line BDF is the mud wave for 50% settlement : 
and, Line ACF is the mud wave for 75% settlement.) The same kind of study 
was also made for trapezoidal embankment sections in order to make possible 
analysis of various construction stages. 

The types of analysis indicated in Fig. 38 were planned on the assumption 
that the half section of embankment tended to rotate about the center of the 
circular sliding surface and thereby caused a rotational movement of the 
foundation material included within this surface and an upward movement 
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- involving passive pressure of the material along the straight part of the failure 
surface. By equating the moments of the forces tending to cause motion with 
those tending to resist it, an expression was obtained relating the intensity of 
loading at the center line of the embankment with the cohesion or inherent 
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shearing strength required for a factor of safety of unity. This expression can 
be simplified to the form, 


in which K is a variable with values as shown in Fig. 39. 

For the case in which initial stability is not indicated and it is desired to 
compute the probable amount of settlement of the embankment into the 
foundation material, the following formula, was derived: 


p= UK Bat KG O Wig aa PE a deh sei tee (8) 


Fig. 40 is a set of curves for the solution of Equation (8) for the assumption of 
50% and 75% settlement. It will be noted that solutions for various stages 
of construction are indicated from 25% of the final height of the embankment 
to the full height or the triangular section. 

Solution of settlement problems by the Haines method as indicated by 
Figs. 39 and 40 involves a process of trial and error. If initial stability is not 
indicated, a solution is obtained for stability at 50% settlement. If this does 
not indicate stability, 75% settlement is assumed, and if stability is still not 
indicated, the assumption is made that the material will settle to rock. 

No greater refinement is warranted by the assumptions involved in de- 
veloping this method. One consideration, for example, is the extent to which 
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the shearing strength of the foundation decreases as failure occurs. It is 
possible that additional investigation, however, may eventually modify the 
approximate nature of this method. 


Discussion OF ANALYTICAL METHODS 


In the foregoing remarks reference has been made to three different methods 
of analyzing the degree of stability of earth or rock-fill embankments, namely, 
Jurgenson’s method, the gelatin model-photo-elastic method, and the Haines’ 
method. The experimental work described herein as the basis for development 
of the Haines method was performed under conditions similar to those assumed 
by Jurgenson for his so-called “‘rigid boundary” case, for which he proposed 
the formula, 


in which s = principal shearing stress; p = intensity of load at the center line 
of the embankment; a = half the depth of the plastic foundation material; and, 
L = half the base width of the embankment. 

Since the publication of this formula?’ in 1934, Jurgenson has presented 
other discussions on this subject, but Equation (9) is still in current use to a 
sufficient extent to warrant the following comment. 

It is believed that the clay model indicated the limit to which some of Mr. 
Jurgenson’s assumptions are valid. These assumptions include neglect of the 
restraining effect of the foundation material beyond the toes of the embankment, 
and the supposition that the surface between embankment and foundation 
remains plane during loading. It can be seen almost intuitively that variation 
in the ratio of 7 will vary the extent to which these simplifying assumptions 
affect the applicability of Equation (9) to embankment analysis. The work 
with the clay model indicates that, for ratios of r = 0.1, Jurgenson’s method 
and Haines’ method are in substantial agreement as to the magnitude of the 
shearing stress induced by a given intensity of embankment loading. For 
higher values of the ratio, however, a considerable divergence between the two 
methods was noted. It was also observed that when the depth term, a, is small 
compared with L, the condition of simultaneous shear failure on an infinite 
number of surfaces in the plastic material is approached more closely than when 
ais comparatively large. In the latter case, evidence was obtained to indicate 
that shear failure occurs at a single point and, therefore, in giving the intensity 
of stress at this point, Jurgenson’s formula (Equation (9)) does not indicate the 
full extent to which the foundation can carry load, due to the redistribution of 
stress following point failure. As against this so-called “point failure stress gh 
Haines’ method is believed to show the total resistance of the underground, or 
what might be termed the “‘total failure stress”. 

The argument just presented applies also in the case of the previously 
mentioned gelatin model-photo-elastic method. This method, except when 
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used in the qualitative studies first mentioned, was utilized in the Kastport 
Laboratory in the same general way as that developed in the Zanesville, Ohio, 
Soils Laboratory, in consultation with Fred. L. Plummer, M. Am. Soc. C. E. 
The procedure used was briefly as follows: In a glass-sided flume, melted gelatin 
was poured to a given height and allowed to solidify in order to represent the 
foundation material of the prototype with a doubly refracting medium. The 
embankment was represented by piling up lead shot on the solidified gelatin in a 
triangular shape of such proportions that its base width had the same relation 
to the depth of the gelatin as obtained in the prototype between the base of the 
dam and the depth of the plastic foundation. When placed between a polarizer 
and an analyzer of the type shown in Fig. 33, the completed model indicated the 
distribution and magnitude of shearing stress created in the gelatin by means of 
the color pattern visible in the analyzer. 

As previously implied, this type of study showed that the induced shearing 
stress under the dam reached a maximum intensity at one central point or at 
two points symmetrically disposed with respect to the embankment center_line. 
Increase of load after reaching a condition of point stress equal to the shearing 
strength of the gelatin led (as expected) to a transfer of stress to adjacent 
material. This process continued until total failure took place, if the load was 
increased sufficiently, but at no time could the total capacity of the foundation 
be determined as a function of its unit shearing strength. 

The foregoing method of performing the photo-elastic-gelatin model study 
is open to criticism on several counts, such as the use of lead shot to represent 
the embankment. In this particular case, the force of this criticism is lessened 
by the fact that the character of embankment and foundation was actually as 
dissimilar in the prototype as in the model, but in any case, the observed 
transfer of stress during increase of load is believed to be characteristic of the 
type of action to be expected in actual construction. 

In consideration of the foregoing comments, the conclusion was reached that 
the mode of failure of plastic material changes to such an extent with the ratio, 


a : ; , ; tae 
ae that a straight-line equation, such as Equation (9), can be used only within 


relatively close limits. In connection with his “infinite depth” case for which 
Mr. Jurgenson gives the formula, 


the extent of the difference between the “point failure” stress given by Equation 
(10) and the desired ‘‘total failure” stress is indicated by the case of a rec- 
tangular plate. Mr. Jurgenson computes that the total load which such a 
plate can carry exceeds the load which causes “point failure” by about 80 
’ per cent. 

In cases where the major consideration is analysis for initial stability, the 
graphical comparison of the three methods shown in Fig. 41 may be of interest. 


This set of curves shows the relation for each method between the ratios, a 
Pp 


a h : 
and ZL: By assuming that a particular structure with fixed height and base 
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width is being considered, this plot gives, directly, the variation of the stress 


induced by such a structure if built on clay deposits of different depths. 
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Jurgenson’s ‘‘rigid boundary” case plots as a 45° line, of course, until it inter- 
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sects his ‘‘infinite depth’’ case at a value of ‘or 0.256. From this intersec- 


tion the curve is a horizontal line. The work with the gelatin model plots as a 
~ curve showing a more gradual transition from the “rigid boundary”’ case to the 


- boundary” case quite closely up to the ratio, 
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‘infinite depth” case. The curve for Haines’ method of analyzing the stability 
of triangular embankment sections may be seen to follow Jurgenson’s “rigid 


a o 
Te 0.10. Beyond Aa 


deviates abruptly, however, and flattens out into what amounts to an ‘infinite 


0.15, it 


depth” case at a much lower value of 5 . Since Haines’ method is intended to 


give the ‘‘total failure” stress throughout, this is not surprising, however. If it 
is admitted that Jurgenson’s ‘‘infinite depth” case has a factor of safety in the 
order of magnitude of 1.8, as indicated by the example of the rigid rectangular 
plate, a correction could be made, as shown by the dotted line. It is very 
interesting and significant to note how close this line is to that for the Haines 
method. 

In the field in which Mr. Jurgenson’s method and the photo-elastic— 
gelatin-model method have previously served, it is believed that the Haines 
method offers the advantage of being more general in the sense that it is not 


| 
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confined to use in cases in which 7 = 0.1 and that it is more consistent in the 


sense that it always gives the ‘‘total failure” stress as previously defined. 

The particular claim made for the Haines method, however, is that it can be 
extended beyond the field of usefulness of the other types. It is believed that 
work similar to that reported herein may attract the attention of engineers to 
the possibility of effecting economy in earth construction work by allowing 
artificial fills to sink into relatively soft and shallow foundations, rather than 
trying to attain stability by flattening the side slopes of such structures. In 
cases where a real economy is indicated by adopting this plan, as was the case at 
Passamaquoddy, the methods of Jurgenson and the gelatin-model study are of 
little, if any, value. The method developed by Haines, however, can be used for 
just such cases and as far as the writer knows, is the only method available 
for complete analysis for proposed earth embankments, since by its use investi- 
gation of the stability of such structures during all stages of construction is 
possible, and prediction of the extent of settlement which will occur due to shear 
failure of the underground may be made if such settlement is to be allowed. 
Estimate of settlement of this nature, of course, is essential to the calculation of 
the total cost of structures in which subsidence is anticipated. 

It will be observed that in this paper much of the detail of the Haines 
analysis has been omitted although full particulars are given in the Passama- 
_ quoddy Tidal Power Development ‘‘Report of Soils Laboratory’? dated 
September 1, 1936. This is due to a realization of the fact that the basic 
experimentation was performed with the objective of obtaining qualitative 
results applicable to one rather unusual type of problem. Since curtailment of 
activity on the Passamaquoddy Project took effect before all the intended 
studies of this nature were completed, it is considered advisable at this time to 
present only the general character of this research. It is hoped that this rather 
non-technical presentation will stimulate discussion and further study leading 
eventually to a complete and satisfactory solution of the indicated problem. 


SUMMARY 


In connection with cohesionless, uncompacted earth or rock-fill embank- 
ments founded on cohesive soil, model studies indicate that embankment 
settlement resulting from shear failure and lateral displacement of the founda- 
tion material will take the form of the so-called “heart shape”. By citing the 
specific case of the two large dams proposed for the Passamaquoddy Project, 
attention is invited to the possibility in some instances of effecting economy in 
embankment design by allowing over-stress of foundations to occur rather than 
flattening side slopes in an effort to prevent over-stress to such an extent that 
excess material is required. 

The need for development of a comprehensive method of stress and settle- 
ment analysis for earth and rock-fill dams is indicated by a discussion of some 
available methods, and the so-called Haines method is outlined in general terms 
as a lead to further study and consideration of this subject. 
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SETTLEMENT OF STRUCTURES IN EUROPE 
AND METHODS OF OBSERVATIONS 


By CHARLES TERZAGHI,22 M. AM. Soc. C. E. 


SYNOPSIS 


The methods and results of settlement observations on several structures in 
Europe, selected to illustrate accurately, the behavior of structures on various 
types of compressible ground, are described in this paper. Particularly, 
emphasis is given to the observations of settlements of buildings on pile founda- 
tions, and the comparison between the settlement of individual piles under 
load tests with that of the entire pile foundation. 

The form of the settlement diagrams with ground conditions and loadings 
is recommended as a pattern to be followed. The instruments and bench-marks 
used for settlement observations are described, but other instruments and 
methods of observation will suggest themselves to engineers. However, 
such methods should permit the observation of very small settlements as 
they are valuable in computing future settlements. 

The observations are the result of studies extending over a 10-yr period; 
they were supervised by the writer and supported by contributions made by 
the Committee of the Society on Earths and Foundations. * 


PURPOSE OF INVESTIGATIONS 


The design of shallow foundations is governed by the condition that the — 
greatest pressure exerted on the soil should not exceed a certain value, called 
the allowable soil pressure. If the structure is to rest on a pile foundation, the 
load per pile should not exceed the ‘‘safe load.” Both types of foundations 
are subject to settlement. If the loaded stratum consists exclusively of sand 
or gravel, the settlement ceases within a few weeks or months after construction 
is finished. In this case the settlement can be expressed by a single set of 
recorded data or by a contour map showing the lines of equal settlement repre- 
senting the subsidence of the loaded area after the settlement stopped. On the 
other hand, if the settlement is due to an increase of the load on a bed of clay, 
it can be recorded only by time-settlement curves, or by means of a set of 
contour maps showing the settlement at different times after construction was 
finished. 

At present, there is no method of predicting the settlement of buildings on a 
sand or gravel foundation and the prospects for discovering such a method are 

Nore.—The Committee of the Society on Earths and Foundations, selected the settlement of struc- 
Commitee, was submitted to. the Comiaities by ii cape reporting an investigation sponsored by, the 


*8 Dr. Ing.; Prof., Technische Hochschule, Vienna, Austria. 
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very slight. No method of computing settlement can be accepted unless its 


- validity is demonstrated by numerous settlement records obtained under very 


different practical conditions and no such collection of records has ever been 
presented. Current procedures for predicting the settlement of buildings on 
clay foundations are more promising; and, yet, according to reports,” the appli- 
cation of these methods requires elaborate investigations and is limited to 


important structures. In every other case the engineer must estimate the 


settlements on the basis of previous experience. Such experience can be ac- 
quired only by systematic settlement observations. Considering the present 
state of knowledge in the field of foundations, the settlement observations 
represent by far the most important type of research. The results of theoretical 
and of laboratory investigations in this field cannot claim more than an academic 
value until the importance of the errors have been investigated thoroughly and 
repeatedly. Any proposal for the practical application of a new method should 
include not only a detailed statement of several settlement forecasts, but also 
the results of adequate settlement observations, including the magnitude, the . 
distribution, and the time rate of the settlement for the full-sized structures. 


MeEtTHOD OF OBSERVATION 

In his earlier attempts to collect settlement data, the writer met with the 
following difficulties: (a) Most of the reference points (which consisted of bolts 
embedded in the masonry) disappeared during or immediately after construc- 
tion; (b) in buildings with numerous partition walls the measurements within 
the building were difficult and not sufficiently accurate; and finally (c) the 
number of observation points was not great enough to permit the reliable con- 
struction of curves of equal settlement. In order to eliminate these difficulties 
the writer devised a new type of reference point shown in Fig. 42. It consists 
of a short piece of pipe, which is entirely embedded in the masonry (Fig. 42(a)). 
Normally, the opening of this pipe is closed by means of a brass plug, the outer 
surface being flush with the wall. In order to make a settlement observation, 
the plug is removed and temporarily replaced by a cylindrical piece such as that 
shown in Fig. 42(6). The observations are made not with a level, but by means 
of the device shown in Fig. 42(c) which consists of two glass tubes connected 
by arubber hose. The entire system is filled with water, and in each tube the 
position of the water level is measured by means of the micrometer screw shown 
in Fig. 42(d). The vertical distances, Zo, in Fig. 42(c) are always the same for 
both tubes, and the distances, Z; and Zz, are measured by means of the microm- 
eter screw. Hence, the difference between the elevation of the two reference 
points is equal toA Z = Z; — Z. A careful survey of the errors of observation 
performed by Professor H. Léschner,” in Brunn, Austria, has shown that the 
error does not exceed 0.05 mm, or 0.002 in. 

In order to obtain a reliable conception of the distribution of the settlement 
over the area occupied by the building, at least one reference point should be 
established for each 200 sq ft of this area. At least, one-third of all the points 
should be within the building. All the recent settlement data embodied in the 
following paragraphs were obtained by means of the device shown in Fig. 42. 


24 Proceedings, Conference on Soil Mechanics, 1936. ‘ io : 
% ‘*Genauigkeitsuntersuchung zur Messung von Setzungen nach dem Verfahren von Professor 4er- 
zaghi,” by H. Laschner, Zeitschrift fir Instrumentenkunde, Vol. 56, July, 1936, Heft 4. 
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Tue Bencu-Mark 


In order to obtain reliable information as to the downward movement of a 
structure, the levels must be referred to a bench-mark that does not move. 
Usually, this bench-mark is established on some existing building at a distance 
of 100 or 200 ft from the structure under observation. If no reliable settlement 
record is available for this building, at least two bench-marks should be estab- 
lished on buildings, located on different sides of the structure under observation. — 

Fig. 43 shows the curves of equal settlement of a group of factory buildings 
for the year 1934. Construction was finished in 1929 and the observations 
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were begun early in 1930. The values that appear within the areas occupied 
by the buildings represent the extreme limits for the load, in tons per square 
foot of the area, after construction was finished. The buildings are situated on 
a stratum of very stiff tertiary clay, more than 600 ft thick, and the bench-mark 
was established in a limestone quarry in the vicinity of the plant. The com- 
pressibility of the clay decreases to a depth of about 25 ft below the surface, 


= 


ae 
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_ and the distance between the individual buildings is considerable. Neverthe- 
less, the settlement extends over the entire area occupied by the plant. The 
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contour interval in Fig. 43 is 5 and 10 mm, the equivalent values, in inches, 
being as follows: 
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Fig. 44 represents the settlement of a group of oil tanks.2® At each point of the 
circumference of the buildings the radial width of the shaded area represents 
the settlement. The diagram shows plainly the influence of the weight of each 
structure on the settlement of adjacent structures, particularly the units toward 
the right. The 1932 Progress Report of the Committee on Earths and Founda- 
tions contains a brief mention of this case, including a section through the soil.?” 

Due to the inevitable subsidence in the vicinity of the loaded area, the short 
distance between the bench-mark (Fig. 42) should never be nearer the building 
under observation than twice the width of the building. If this distance ex- 
ceeds 100 ft, it is advisable to establish intermediate points of observation. 
Each set of levels should be carried back to the point where it began and the 
settlement record should contain the ultimate error. With few exceptions, the 


26 ‘'Kritische Betrachtung von Flach-und-Pfahlgriindungen,” von W, Loos, Berlin, Julius Springer, 


1932. 
2 Proceedings, Am. Soc. C. E., May, 1933, p. 777, 
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observations made by the writer using the device shown in Fig. 42 have been 
made in rather inaccessible cellars with many partition walls; and yet the 
ultimate error has never exceeded 0.02 in. 

If the entire city or a part of it is situated above a bed of silt or clay a 
‘progressive, general, irregular subsidence of the loaded territory must be 
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expected. In Cambridge, Mass., the entire area on both sides of Massachusetts 
Avenue, settled from 1869 to 1909 (a period of 40 yr) through distances ranging 
between zero and 2 {ft.28 A similar general subsidence was found to have oc- 
curred in San Francisco, Calif., in the district adjoining Market Street. From 
1923 to 1928, the greatest subsidence was more than 0.2 ft.2° There is but 
little doubt, that a similar general and irregular subsidence occurs in every city 
built upon beds of clay or silt. If such a general subsidence occurs the foregoing 
procedure yields data that inform the engineer merely as to the difference be- 
tween the general downward movement and the downward movement of the 
newly constructed building. In order to obtain the actual settlement it would 
be necessary to establish a bench-mark at the bottom of a drill hole which ex- 
tends through the entire system of unconsolidated strata to bed-rock. Such a 
bench-mark was established in Cambridge, Mass., at a depth of about 125 ft 
below the surface. Such bench-marks would also facilitate the collection of 
data concerning the general subsidence of the area occupied by a city. It 
should be the duty of municipal engineering departments to keep records of 
such movements. 
SETTLEMENT OF PILE FOUNDATIONS 


Observations made in Vienna, Austria, refer exclusively to foundations on 
conical, cast-in-place piles with a length of about 20 ft. They are arranged in 
two or three rows beneath continuous footings. The top-soil stratum usually 
consists of a loose, loamy, artificial fill and the piles get their support in a 


28 “Boston Foundations,” by J. R. Worcester, M. Am. Soe. C. E., Journal, Boston Soc. of Civ. Engrs., 
January, 1914. 


29 “Subsidence and the Foundation Problem in San Francisco,” San Francisco Section, Am. Soe. C. E., 
September, 1932. 
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stratum of firm sand and gravel or very stiff clay of great thickness. The geo- 
logical conditions practically exclude the presence of soft strata at any depth 
below the points of the piles. Before the settlement observations were made, 
many experienced contractors of the city believed that the settlement of the 
pile foundations was approximately equal to that produced by a loading test 
on an individual pile. According to this view, if all the piles are assigned equal 
loads, the settlement of the entire foundation should be uniform. Observations 
made during the past few years have destroyed both illusions. Figs. 45, 46, 
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and 47(a) illustrate an example of such observation. The building consists of 
brick walls with continuous footings, 40 in. wide, supported by two rows of 
conical piles. Each pile carries a load of about 24 tons. The upper curve in 
Fig. 46(b) shows the result of a loading test on an individual pile, located at 
Point P in Fig. 47(a). Under a load of 24 tons a conical pile in Vienna very 
seldom settles more than a fraction of a millimeter during the loading test, and 
the loading test on the pile at Point P merely confirmed this empirical rule; 
and yet the settlement of the entire pile foundation was equal to more than 
forty times the settlement of the individual pile carrying the same load during 
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the loading test. It was by no means uniform, although each pile carried the 
same load. The lower curve in Fig. 46(b) shows the settlement of a point, H,, 
immediately above the location of the test pile. Fig. 46(a) contains the time- 
load diagram and the time-settlement curve for three typical points. Fig. 47(a) 
shows the curves of equal settlement during a period of six weeks and Fig. 
47(b) the same curves eleven weeks after the first observations were made. 
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Since the time-settlement curves for various parts of the building are different 
the shape of the curves of equal settlement changes although the distribution 


of the load over the loaded area remains practically unaltered. 
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Fig. 48 illustrates another example of the settlement of a brick building with 
continuous footings on conical piles. A section through the foundation is shown 
in Fig. 48(a). The piles were driven through a stratum of loose artificial fill into 
a layer of well compacted gravel. Fig. 48(b) shows the curves of equal settle- 
ment, one year after construction. The greatest settlement in this case also is 
at least forty times greater than that in a loading test with the working load. 
When the cellar for the building was excavated thick bodies of masonry were 
encountered which extended through the artificial fill to the surface of the 
gravel bed. If part of the new walls had been made to rest on top of the old 
ones, rupture would have been inevitable. Therefore, it was necessary to cut 
through the old walls and to provide an elastic support over the entire length 

of the continuous footings. This detail is also shown in Fig. 48(a). 

Soil mechanics has made engineers realize that the settlement phenomena 
shown in Figs. 45 to 48 must be expected and that no simple relation can possibly 
exist between the result of the loading test on the individual pile and the settle- 
ment of the entire pile foundation, although the piles get their bearing in a firm 

stratum of gravel. At the same time, there is very little hope of finding a 

procedure for predicting the settlement of pile foundations of this particular 
type. Hence, an estimate can only be based on experience to be obtained by 
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systematic observations on foundations supported by piles, with different 
lengths, driven to refusal in different types of strata. No general conclusions 
can be derived from two or three sets of observations. Thus, in both cases, 
represented by Figs. 45 to 48, the settlements ended not later than about two 
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Fig. 48,—SettLement or Brick BUILDING ON Conicau Pies 


years after construction was completed. If the points of the piles had been 
driven into a bed of stiff clay, the initial settlements would undoubtedly have 
been smaller, but would have increased for many years, approaching values far 
in excess of those shown in Figs. 45 to 48. 
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’ SETTLEMENT OF ContTINUOUS FOOTINGS 


It seemed interesting to collect at least some data concerning the settlement 
of continuous footings designed on the basis of the customary “allowable soil 
pressure.’ For that purpose eight buildings were equipped with reference 
points immediately after their foundations were constructed. All these 


buildings are of brick. The thickness of the lower parts of the walls ranges ~ 


between 20 and 30 in. and that of the upper part between 15 and 20in. The 
width of the footings ranges between 2 and 9 ft, and they are covered by the 
buildings between 4 000 and 20 000 sq ft. One of the structures (Building A, 
Fig. 49) is supported by a continuous slab, extending over the entire area covered 
by the building. The larger structures are usually subdivided by expansion 
joints, from 50 to 80 ft apart. In doubtful cases the allowable soil pressure was 
determined by means of one or more standardized loading tests. All the essen- 
tial data concerning the buildings are assembled in Table 6. The soil profiles, 


TABLE 6.—Sor1n Proritze, Time Loap, AND TIME-SETTLEMENT DIAGRAMS 
(Brick BUILDINGS) 
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_ *See Fig. 49. + Buildings H and K are in tons per pile. { Reinforced concrete slab. § Strip founda- 
tion. || Piles driven to gravel. 


the time-load diagrams, and the time-settlement diagrams are shown in Fig. 49. 

In every soil profile the position of the base of the footings is indicated by 
a broken line. In each diagram the three time-settlement curves correspond to 
the minimum, the maximum, and the average settlement, respectively. The 
records disclose the following remarkable facts: Although the pressure per unit 
of area of the base of the footings is everywhere the same for the entire founda- 
tion of each building, the settlement is far from being uniform. In this connec- 
tion attention should be called to the progress report of the Committee on 
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Earths and Foundations®® which demonstrates that the settlement produced by 
a uniform load on a circular area is also far from being uniform. The ratio 
between the largest and the smallest settlement of the buildings listed in Table 6 
ranges from 1.25 to about 7.00. The “allowable soil pressure”’ for the buildings 


~ listed in Table 6 was selected on the basis of a standardized procedure and the 


thickness of the highly compressible strata never exceeds about 20 ft. Never- 
theless, the average, settlement ranged between the wide limits of 0.25 in, and 
more than 2 in. 

In Germany, the foundations for bridge piers are also based on standardized 
‘Callowable soil pressures”’; and yet since the bridges were built in very different 
parts of a large country, the thickness of the compressible strata and, as a 
consequence, the settlement of the structures, varies between considerably wider 
limits than it does in Vienna. Table 7 contains an abstract of data that have 


TABLE 7.—SETTLEMENT OF BripGE Piers IN GERMANY 


AVERAGE Sort 


PRESSURE, IN SETTLEMENT, 
Number TONS PER In INCHES 
of struc- Description of soil Squarb Foot 
tures 
From: Fr To 
(1) (2) ; (3) (4) (5) (6) 
9 SUL Eee Bayes ol eroteais cited sucisuats (stevelajelele lare,o\exe retails. #%0/"s leer ‘ail 2.0 8 40 
8 Clay, loess, loam, etC.........-eeeeeeeeee teers ile k 2.6 2 8 
31 Boulder clay, sand or gravel with clay .........-- 2.5 4.0 0 0.8 
21 Sand, gravel........-cccscceseccrsee ester ssces 1.5 3.0 0 0.4 


been collected by L. Casagrande.#! The settlement ranges between almost zero 
and more than 3ft. In general, the settlements of the foundations on sand and 
on boulder clay, were very small and stopped a short time after construction 


was completed, whereas the important settlement of foundations on clay and silt 


continued and must be expected to increase for many years to come. 

The preceding statements have demonstrated that the limitation of soil 
pressure to the so-called “allowable” values by no means involves the limita- 
tion of the settlement to a definite value. Experience in estimating settlement 
can only be acquired by means of reference points and levels. 


DIFFERENTIAL SETTLEMENT 


If a building settles uniformly, no matter how much, the stresses in the 
members of the structure are not affected. Therefore, it was interesting to 
investigate the differential settlement of continuous footings which were de- 
signed on the basis of equal loads per pile, or of a uniform soil pressure. In 
Fig. 50(a), Curve 1 represents the settlement of the straight front wall of the 
building discussed in connection with Figs. 45 to 47; Curve 2, the settlement of 
the rear wall; and Curve 3, that of the middle wall. 

Fig. 50(b) shows the distortion of the walls of the building represented by 
Fig. 48. Curve 1 corresponds to the front wall of the building, Curve 2, to 

30 Proceedings, Am. Soc. C. E., May, 1933, p. 812, Case F. 


31 ‘' Setzungsbeobachtungen an Briickenbauten der Reichsautobahnen,’”’ von L. Casagrande, Proceed- 
ings, International Assoc. for Bridge and Structural Eng., Berlin, 1936. 
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the outside wall toward the court, and Curve 3 refers to the wall that runs 
parallel to the front wall through the interior of the building. In both cases 
(Figs. 50(a) and 50(b)) the continuous footings were supported by almost equi- 
distant piles in such a fashion that every pile carried practically the same load. 
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Fic, 50.—Stupy or Wait SETTLEMENT 


Fig. 50(c) shows the settlement of the continuous footings of the walls of the 
buildings listed in Table 6 and of several other buildings. These footings are 
supported by the natural ground without the assistance of piles, and they were 
designed in such a fashion that the pressure per unit of area of the footing is 
uniform throughout. Fig. 50(d) was obtained from Fig. 50(c) by translating 


the two ends of each curve up to the horizontal axis. 


As a consequence, Fig. 
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 50(d) shows the distortion of the walls produced by differential settlement. 


All the walls represented by full black lines withstood the deformation without 
_ eracking. Asasupplement to this diagram, two dotted curves were introduced. 
: They represent the distortion of two of the walls of the building shown in Fig. 51 
which is supported by a massive 


tortion of these walls is greater 
- than a brick wall can stand, as evi- 
~ denced by the shearing cracks. 


engineers still believe, settlement is 
never uniform, although the load 


‘In none of the diagrams (except 
_ Fig. 48) do the curves of equal set- 


concrete slab, 4 ft. thick. The dis- 


The facts represented in Fig. 
50 lead to several interesting con- 
clusions. Contrary to what many 


per pile or the load per unit of area 
of the soil is the same everywhere. 


tlement have any resemblance to 
what one would expect from the 
theory of the settlement of loads 
supported by a homogeneous me- 
dium. Therefore, the differential % ¥. 
settlement of the buildings repre- 7%5=2 Sn 
sented by the diagrams is essentially De 
due to local variations in the com- 
pressibility of the loaded strata. Z 
The importance of these variations ai and at Cle Sant is 
cannot possibly be appraised by che 
preliminary investigations of any : : 4 ; 
kind, at a reasonable expense. at ee a cee oiamrey Slope Caley 
Hence, an estimate of the differ- 

ential settlement must be based on previous experience and this experience can 
only be acquired by systematic settlement observations such as those de- 
scribed herein. However, experience has shown that the erratic character of 
differential settlement is limited to those cases in which the thickness of the 
highly compressible strata does not exceed 20 to 25 ft. The greater the thick- 
ness of the highly compressible strata, the smaller becomes the difference be- 
tween the real differential settlement and the settlement corresponding to a 
uniform and homogeneous medium. 

For a given degree of non-uniformity of the subsoil, the importance of the 
differential settlement decreases with increasing stiffness of the walls. Thus, in 
the buildings discussed in connection with Figs. 45 and 48, the front wall (lower 
boundary of the area occupied by the building) is straight and the corresponding 
distortion, shown by Curve 1 to Fig. 50(a) is insignificant. On the other hand, 
the rigidity of the rear wall (upper boundary of the building lot in Figs. 45 and 
48) is reduced by several corners. Therefore, the differential settlement shown 


| 
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by Curve 2 in Fig. 50(a), is far more important. A comparison of Figs. 48 and 
50(b) indicates similar relations between the rigidity of the walls and the im- 
portance of the differential settlement. The settlement of the stiff wall, 1, is 
far more uniform than that of Wall 3, which, in plan, represents a broken line. 

Any theoretical computation of settlements is based on the assumption that 
the subsoil is uniform, at least in every horizontal direction. The non-uni- 
formity always increases the differential settlement and its detrimental effects. 
The nature and the importance of the difference between theory and reality 
can only be learned from settlement observations. Therefore, a practical ap- 
plication of the science of soil mechanics to settlement problems is not feasible 
unless the theoretical research is associated with, and supplemented by, settle- 
ment observations. 

Differential settlement must be considered inevitable for every foundation, 
unless the foundation is supported by solid rock. The effect of the differential 
settlement on the building depends to a large extent on the type of construction. 
Consequently, it is necessary to find out by careful inspection of buildings with 
known settlement records how much distortion the different types of construc- 
tion can stand without any harm. The data shown in Fig. 50(d) represent a 
first attempt in that direction. 
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Tia. 52.—Unprercrounp Brencu-Marx Usep in DETECTING THE COMPRESSION OF STRATA AT 
Various Drprus 


UNDERGROUND BENcH-MaRKSs 


If it is desired to keep the settlement of a structure within specified limits, 
the foundation must be carried at least to a certain minimum depth which de- 
pends, among other factors, on the nature and the thickness of the soil strata 
beneath the building site. Similarly, if the settlement of an existing building 
is to be stopped by underpinning, such underpinning must be extended to 
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some level below the seat of the settlement. The science of soil mechanics has 
- furnished a set of theoretical rules for determining the distribution of the 
_ settlement over a vertical section through the loaded soil; and yet no such rules 


Sway 


Medium Clay 


Fie. 53.—Mztnop or Pracing UNDERGROUND BENcH-MARKS 


can be accepted for practical application on a broad scale until they have been 
confirmed by the results of observations on existing structures. Such observa- 
tions can only be made by means of underground bench-marks; that is, by means 
of reference points established at the bottom of drill holes, at different depths 
below the surface of the ground. 

A description of reference points of the type was presented by the writer*? 
in 1930. Figs. 52 and 53 describe these reference points and show how to 
establish them for the purpose of ascertaining the seat of the settlement of a 
pile foundation above a bed of medium clay. A method for constructing such 
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bench-marks in very soft clay was described in 1936 and used in the City of 
Mexico, Mexico, by José A. Cuevas. An underground bench-mark similar to 
that shown in Fig. 52(b) was established beneath one of the corners of the 
building marked ‘‘Silo” in Fig. 43, at a depth of 15 ft beneath the base of the 
foundation. As shown in Fig. 54, the building rests on a reinforced concrete 

_ slab strengthened by ribs. Toa depth of about 8 ft below the base of the slab 
the soil consists of a yellowish, weathered, rather compressible clay. Beneath it 

32 ‘Die Tragfaihigkeit von Pfahlgriindungen,”’ von Charles Terzaghi, Die Technik, 1930, Heft 31 und 34. 


33 Proceedings, International Conference on Soil Mechanics, Paper No. 5, Vol. 1, Cambridge, Mass., 
1936 
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is a very thick bed of stiff, blue clay. The underground reference point served 
the purpose of determining the extent to which the compression of the stiff blue 
clay was responsible for producing the total settlement of the structure. Fig. 
55 shows the results of the observations. The excess water is squeezed from the 
clay, escaping through the layer of silt between the weathered clay and the base 
of the foundation slab. According to the theory of consolidation, the compres- 
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sion of the clay would be expected to begin at the point of contact between the — 


clay and the more permeable material and from there it should proceed in a 
downward direction. ‘This theoretical forecast was confirmed by the fact that 
the settlement of the underground reference point beneath Corner 44 began 
about eight months after the beginning of the downward movement of Corner 
44 of the building; and yet, during the following three years, the settlement of 
the underground reference point became equal to almost one-half the total 
settlement of the corresponding corner. 


SUGGESTION CONCERNING STANDARDIZATION 


No method of soil investigation and of settlement computation can be ac- 
cepted for practical use until the degree of accuracy of the results has been 
determined by experience. Such experience can be secured only by reliable 
and adequate settlement observations. Therefore, the first and the most 
urgent task in the establishment of a science of soil mechanics consists in 
standardizing the procedure for making settlement observations. 
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Cuartes Terzacui,*? ann Lazarus Wuire,*? Mempers, Am. Soc. C. E., anp 
Guennon Girpoy,# Assoc. M. Am. Soc. C. E. (by letter).‘4¢—Realizing that 
it is most important to obtain exact settlement data for existing structures, 
together with the underground conditions at the various sites, the Committee 
of the Society on Earths and Foundations has been financing, for the past 
years, an extended investigation by Charles Terzaghi, M. Am. Soe C. E., 
mostly in Europe and, in part, also in the United States. These investiga- 
tions have been valuable as a check on existing theories. In some cases quite 
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close agreement has been found between computed and observed settlement, 
by the use,of the Boussinesq equations to obtain internal pressures below 
the footing, and Professor Terzaghi’s equations of consolidation as determined 
by compression based on undisturbed samples. 

Professor Terzaghi has devised a graphic form of settlement curve and a 
diagrammatic method indicating conditions in the foundation and under- 
ground, which is compact and complete. He calls the compressible strata 
beneath the settling structure the “seat of settlement” and the shape as- 
sumed by the base of the structure “the settlement trough”. He calls at- 
tention to the over-emphasis previously made on the pressure at the base of 
the footings; and he demonstrates by observation and calculation that most 
of the observed settléments are due to compression of the unconsolidated 
materials within the mass of the supporting underground; and that the “ seat 
‘of settlement” may extend hundreds of feet in depth.*® 

At the request of the writers, Professor Terzaghi has kindly prepared a 
summary of his work on settlements with particular attention to the methods 
of obtaining accurate observations, and giving typical cases with a non-mathe- 
matical discussion.*¢ Particular attention is called to the failure to obtain 
uniform settlements, even when uniform loading of walls, ete., was closely 
approximated, both in the case of pile foundations and spread footings. 

' The writers believe that this contribution is of great value. They hope 
that it will stimulate discussion, and are particularly desirous that other cases 
of observed settlements be submitted, with complete data. 


* The Structural Engineer, London, England, March, 1935. 
46 See p. 1358. 
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~-DISGUSSIONS 


ECONOMIC DIAMETER OF STEEL PENSTOCKS 


Discussion 
By ROBERT W. ANGus, Esq. 


Rosert W. Anaus,*? Esa. (by letter).42*—The method of determining the 
economic diameter of penstocks has been presented in an interesting and 
valuable manner in this paper, and the authors have expressed the results in 
convenient formulas. 

In the investigation the head, H/, is defined as “the average head, on the 
penstock, including water-hammer effect, in feet”, but the water-hammer 
itself may have an important influence on the size of the pipe, and the pres- 
sure rise due to this effect may be so large as to make Equation (6) inaccu- 
rate. A few years ago the writer was making some studies with a model 
pipe line having a glass surge tank. The top of this tank was open, was 
above the forebay level, and was tested and found to be amply strong for 
pressures produced by the static head in it. On several occasions, however, 
the glass surge tank was broken by a quick closure of the turbine gate, al- 
though no water came over the top of the tank, and a carefully made indi- 
cator showed pressures at its base much in excess of those due to the height 
of the water column. 

Of course, it is well known that under favorable conditions, the water- 
hammer pressure rise, in feet, may be about 100 times the velocity dissipated, 
and also that these bad conditions may readily occur in a long penstock or 
pipe. For example, if a pipe is 6 000 ft long, the foregoing pressure rise will 
occur for valve closure requiring a period of 4 sec, or less, a length of time 
easily within the operation range of a governor; and if the pipe is under a 
low head of perhaps 100 ft and has its velocity of, say, 4 ft per sec dissipated, 
the pressure from the resulting water-hammer will be five times the normal 
pressure. 


Norr.—The paper by the late Charles Voetsch, M. Am. Soe. C. E., and M, H. Fresen, 
Assoc. M. Am. Soc. C. H., was published in November, 1936, Proceedings. Diseussion on 
the paper has appeared in Proceedings, as follows: March, 1937, by Messrs. R. A, Monroe, 
William E. Rudolph, and Peter Bier; April, 1937, by Adolpho Santos, Jr., Assoc. M. Am. 
Soc. C. B.; May, 1937, by Messrs. Joseph D. Lewin, F. Knapp, and Ralph W. Powell; and: 
June, 1937, by H. K. Barrows, M. Am. Soe. C. BE. 

43 Prof. of Mech. Eng., Univ. of Toronto, Toronto, Ont., Canada, 


48a Received by the Secretary May 3, 1937. 
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Recently, a case came to the writer’s attention, in which two pipes ran 
parallel to each other from the side of a, reservoir and were joined at their 
lower ends by a U-bend. Each pipe had a valve near the reservoir and the 
valves were under a static head of 66 ft, one valve being open and the other 
closed at the time. Each pipe also had a turbine connected near its lower 
end, one of which was shut down, and the other running. The operating 
turbine was then stopped by a quick, not “sudden”, closure of the gates 
(that is, the closing time exceeded the total time of the pressure wave), but 
the resulting pressure rise was sufficient to break the closed valve that was 
near the reservoir. An examination suggested that the resulting pressure 
was more than twice the static head of 66 ft. 

It would appear desirable and necessary, therefore, to include the water- 
hammer effect in a much more exact manner than by merely taking its aver- 
age value. In the Symposium on Water Hammer sponsored by the Society, 
among others,24 A. W. K. Billings, M. Am. Soc. C. E., has shown that the 
study of water-hammer modifies the design of the pipe line greatly. In view 
of the fact that the pressure rise due to this cause may be so easily arrived at 
graphically,** even in fairly complicated systems, it would seem that it should 
be included in any economic study, although the mathematical expressions for 
it would be difficult to include in ordinary equations. 


24“ High-Head Penstock Design”, by Messrs. Billings, Dodkin, Knapp, and Santos, 
Symposium on Water-Hammer, A. S. M. E., Hydraulic Div., and Am. Soc. C. E., Power 
Div., 1933, pp. 29 et seq. 


# “Simple Graphical Solution for Pressure Rise in Pipes and Pump Discharge Lines”, 
by Robert W. Angus, Journal, Eng. Inst. of Canada, February, 1935; also, ‘‘ Water-Hammer 
in Pipes, Including, Those Supplied by Centrifugal Pumps; Graphical Treatment”, by 
Robert W. Angus, Proceedings, Inst. of Mech. Engrs., 1937. 
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RECLAMATION AS AN AID TO INDUSTRIAL AND 
AGRICULTURAL BALANCE 


Discussion 
BY CHARLES P. WILLIAMS, M. AM. Soc. C._E. 


Onartes P. WituaMs,24 M. Am. Soo. C. E. (by letter).247—A clear and 
convincing argument regarding what may be accomplished by the ‘co-ordina- 
tion of agriculture and industrial development, is contained in this paper. 
In the development of a large irrigation project the economic phases con- 
stitute a difficult and paramount problem. Of the irrigation projects built 
by the U. S. Bureau of Reclamation none can be considered, in itself, a com- 
mercially feasible investment. A project that cannot return the construction 
cost, without interest, within twenty-five years or more, cannot be con- 
sidered commercially feasible. By no means does it follow that the in- 
vestments were not justified. Incidental to the agricultural project, towns 
developed within the irrigated areas, with small mercantile stores of all 
kinds. There were established sugar factories, alfalfa meal mills, flour 
mills, ereameries, cheese factories, canning factories, packing houses, and 
other small industries of various kinds. The benefits of the project were 
not confined to the irrigated area. A market was created for materials 
and supplies manufactured outside the project. The prosperity of such 
projects undoubtedly would be greatly increased by the introduction of 
other industries for supplying not only existing local needs, but also the 
increased demand created by the increased population. 

In the paper, attention is called to the tendency toward the decentrali- 
zation of industry. Such decentralization has been due, no doubt, not only 
to the greater economy of relatively small production units, to which the 
authors call attention, but also to the very high value of land in, or imme- 
diately adjacent to, large cities, and the consequent high value of plant 
sites, high taxes, and necessarily higher wages, due to the increased cost 
of living, for employees. Such decentralization, of course, has been on the 


Notn.—The paper by Ernest P. Goodrich and Calvin V. Davis, Members, Am. Soe. 
C@. B., was published in November, 1936, Proceedings. Discussion on_this paper has ap- 
peared in Proceedings, as follows: March, 1937, by Joseph Jacobs, M. BE. MelIver, and C. 38. 
Jarvis; and April, 1937, by Messrs. John P. Ferris and L. Cc. Gray. 

4% Cons. Engr., Comision Nacional de Irrigacion, City of Mexico, D. F., Mexico. 


24a Received by the Secretary June 1, i937. 
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initiative of the plant owners and management. Incidentally, labor has 
benefited by a lowered cost of living and more agreeable and healthful liv- 
ing conditions. 

The marked increase in unemployment during the relatively prosperous 
years 1923 to 1929, inclusive, is discussed by the authors, as well as the 
percentage of decrease in labor forces and the concurrent percentage of 
increase in production, in each of nine important industries, during the 
period, 1923 to 1927, inclusive. Various examples have been cited of the 
remarkable increase in efficiency in various industries by the introduction 
of machines and more efficient methods, thus reducing the labor necessary, 
and adding greatly to the army of the unemployed. 

The authors are of the opinion that the plan proposed, if adopted gen- 
erally, would be very effective in reducing unemployment. The writer 
doubts the validity of this conclusion unless other measures, not mentioned 
by the authors, are taken. The economic structure of the United States 
is a very intricate and complicated system, and a complete and comprehen- 
sive discussion of the causes of depressions and recoveries is obviously far 
beyond the scope of this discussion. However, there are certain basic prin- 
ciples affecting the system which, to the writer, appear to be evident. 

Undoubtedly, there are many factors which contribute to unemployment. 
One very important factor, if not the most important, is the introduction 
of machines and more efficient methods, thus reducing greatly the number 
of men necessary for the accomplishment of any industrial work. How- 
ever, no sane man would advocate the discard of machines, or the return 
to less efficient methods. Even greater efficiency is desirable wherever pos- 
sible. The problem is to determine how efficiency can be retained, and 
even increased, and, at the same time, how to eliminate unemployment, or 
at least, to reduce it greatly. 

Assume a country in which there is such industrial and vocational bal- 
ance that all men capable of working are employed and that all are re- 
ceiving such just compensation as enables each to satisfy his needs of goods 
produced and services rendered. Now, let machines and more efficient 
methods be introduced to such extent that the total number of man-hours 
of work, in the country as a whole, necessary for the production of those 
things which before had been produced, and the rendering of the services 
before rendered, are reduced, say, 10 per cent. If then the industrial. and 
vocational balance is to be maintained, one of the following two plans, or 
a combination of the two, must be adopted: 


(A) The total number of hours of work of those engaged in production 
or service may be reduced 10%, each individual receiving such compensa- 
tion as will enable him to continue to satisfy his needs of goods produced 
and services rendered; or, 

(B) The number of hours of work per individual and the wages or sal- 
aries per individual, in the industries and vocations in which machines and 
more efficient methods have been introduced, may be retained as before, 
and the number employed may be reduced to that necessary for the same 
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amount of production and service as before. Those not retained in these 
industries and vocations may be employed in new industries or services, 

with appropriate hours of labor and appropriate compensation, or in old 

_ industries or services in which the forces employed therein are insufficient 

-— to supply the demand for the products or services. 


Under Plan (A), the cost of production and services, prices, ability to 
purchase, and profits will remain the same as before. The only advantage 
will be that: (1) All are employed as before; (2) every one will be able to 

- enjoy the same comforts as before; and (38) the workers will have more 
leisure for recreation, mental improvement, social activities, and similar 
avocations. 

Under Plan (B), each of the workers retained in the former industries 
and vocations will receive the same wage or salary as before. However, the 
cost of production and service will be reduced, prices can be reduced, and 
the worker can buy the products and services before purchased for less than 

-— the sum originally expended therefor, leaving a part of his earnings for the 
purchase of goods produced in the new industries and of the new services 
introduced. Likewise, those employed in the new industries and vocations 
will be able to purchase their proportionate parts of the goods originally 
produced and the services originally rendered, and also the products of the 
new industries and the services of those in the new vocations. 

Plan (B) evidently is preferable to Plan (A). Under Plan (B), a 
higher standard of living will result. Owners of industries may receive the 
same profits as before, but at a higher percentage, or they may receive even 
greater profits if not all the decreased cost of production is applied to a 
decrease in prices. : 

Due to the very great reduction in labor needed in industry in recent 
years, it probably would not be possible to provide sufficient work in new 
industries and new vocations to reduce unemployment greatly. Such great 
reduction could probably be accomplished only by the combination of Plans 
(A) and (B). : 

In the plan of combined agricultural and industrial development, sug- 
gested by the authors, it is proposed that the workers be employed part-time 
in the industrial plants and part-time in agriculture. Agriculture is not 
a new industry; neither is agricultural production insufficient to supply the 
demand for agricultural products. The decrease in the hours of labor per 
man in industry would increase the number of men employed in industry, 
but if the reduction in hours of labor per man in industry is applied to 
agricultural production, to the same extent would farm labor by those 
engaged primarily in agricultural pursuits be reduced. 

The writer does not wish to be understood as being of the opinion that 
the Madera District would not be benefited by the plan proposed by the 
authors. He believes that it would be. More particularly would the indus- 
trial workers be benefited by being occupied part-time in healthful, outdoor 
work, as well as by obtaining increased compensation. As a means of re- 
ducing unemployment, however, he believes that it would have little, if 


any, value. 
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The writer is of the opinion that, although the co-operative plan of garden- 
ing might result in greater efficiency, the allotting of individual tracts to 
workers would be more beneficial for the reasons stated by the authors. In 
this case, it is believed that efficiency is of less importance than the psycho- 
logical effect. It would be desirable to have a demonstration farm where 
the men could work for a time until they become acquainted with effective 
agricultural methods. At first, this farm could be of large area (embracing 
the entire 25000 acres, in the case of the Madera District). Individual 
allotments could then be made therefrom as the men become competent to 
conduct their own operations efficiently. The stabilizing influence, to which 
the authors refer, would be much greater if each man had a proprietary 
interest in his own individual tract than if his work were on a co-operative 
basis. As far as conditions would permit, each could live on his tract and 
could establish a permanent home on it. It is true that a centralized plan 
would be necessary, but it need not be co-operative, except for single men 
and those lacking agricultural training. 

The authors propose that the managing, and presumably the financing 
of the industrial gardens be by the several industrial companies. The 
writer, believes this to be inadvisable. Some industrial owners may be 
philanthropic and altruistic, but, in general, their chief aim naturally is to 
secure a maximum profit. Company farms, like company stores, and large 
tenant plantations might become a force for economic slavery. The agri- 
cultural unit, including houses for workers, could easily be made a State, 
or National Government, self-liquidating project, financed in a manner 
similar to the operation of the Federal Housing Administration, the man- 
ager, agriculturist, and all assistants being State employees. 
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CONSTRUGTION AND JESTING 
Oren yDRAULIG MODELS 
MUSKINGUM WATER-SHED PROJECT 


Discussion 


By RALPH W. PowELL, M. Am. Soc. C. E. 


Rautpeu W. Power, M. Am. Soo. C. E. (by letter).1°*—Hydraulie model 
testing has become well recognized as an essential part of hydraulic design, 
and, therefore, the authors have placed all hydraulic engineers in their debt 
by sharing valuable information as to methods and costs. During the pe- 
riod covered by the tests, the writer was serving as Hydraulic Engineer for 
the Muskingum Watershed Conservancy District, and had the pleasure of 
_ observing several of the tests in progress, and of making a fairly thorough 
study of the complete reports'®? which were prepared. This contact gave 
the writer a high regard for what was accomplished under very definite 
limitations. 

As far as the writer is aware, no equal amount of model testing has ever 
been done in one laboratory in an equal length of time. Thirteen models 
were constructed and tested in about ten months. This was possible only 
by working the models on three 8-hr shifts, and meant 18 or 14-hr days 
for the Supervisory Staff. Although the authors are to be congratulated on 
the work done under such conditions, they would probably be the first to 
admit that the results might have been better if more time could have been 
taken. Engineers who wish model tests comparable to those described 
should, if possible, allow at least three months for each model. If the fa- 
cilities of 'the laboratory are sufficient, several models may be tested simul- 
taneously, but in this case the number of the experienced personnel must 
be increased accordingly. 


Norn.—The paper by George BH. Barnes, M. Am. Soe. C. E., and J. G. Jobes, Jun. Am. 
Soe. C. E., was published in December, 1936, Proceedings. Discussion on this paper has 
appeared in Proceedings, as follows, May, 1937, by Messrs. G. W. Howard, F. W. Edwards, 
and T, T. Knappen. 

10 Assoc. Prof. of Mechanics, Ohio State Uniy., Columbus, Ohio. 

10a Received by the Secretary July 26, 1937. ‘ 

10? It should be noted that copies of these reports can be secured at the cost of repro- 
duction. Inquiries concerning prices should be addressed to Professor Barnes. Reports 
on five of the dams are also on file at Engineering Societies Library, New York, N. ime 
(See Civil Engineering, August, 1937, p. 586.) 
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The problem of piezometer readings has already been discussed. In 
view of the uncertainty of many of the readings the writer wonders whether 
the hook-gages were not an unnecessary refinement and whether direct reading 
manometers arranged in “gangs” on boards would not have been sufficient. 
This arrangement has the advantage that the prototype elevations can be 
marked plainly on the board, and a photograph will give a permanent record 
of all the readings at the same instant. If any tube is much “ out of line”, 
it will be noticed at once. F 

The value of 0.0091 for Manning’s n in the Mohawk model is entirely 
possible, but the writer does not feel that much weight can be given to such 
measurements. Prandtl and Tietjens!! state that in the case of, turbulent 

2 
flow, the kinetic energy head increases from ss to 1.09 . in the first 40 
diameters of the length of the pipe. In a complicated structure like the 
outlet works of the Mohawk Dam, it is somewhat of a question what point 
to consider as the entrance, but using the gate slots, the points at which the 
pressure was measured were approximately 11 and 21 tunnel diameters 


down stream from the entrance, respectively. How much of the 0.09 - 


increase in kinetic energy head took place between these two sections is 


. . . 2 . 
difficult to say, but it may easily have been as much as 0,02 a This 


would be of the order of 10% or more of the entire pressure drop observed. 
This fact, coupled with the admitted uncertainties in the piezometer read- 
ings, makes the figure 0.0091 of doubtful value. This is entirely apart from 
the doubt which grows constantly in the writer’s mind as to whether Man- 
ning’s formula should be used in model work at all. A better means of 
expressing fluid friction in conduits is badly needed. 


Th se eg Hydro- and Aero-Mechanics”’, by Prandtl and Tietjens, McGraw Hill Book 
Co., 1934, pp. 49-51. 
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: GRAPHICAL DISTRIBUTION OF 
VERTICAL PRESSURE BENEATH FOUNDATIONS 


Discussion 


By A. A. EREMIN, Assoc. M. AM. Soc. Gwake 


A. A. Eremin,?® Assoc. M. Am. Soc. C. E. (by letter).3*—An interest- 
ing method of computing foundation stresses by means of the Boussinesq 
equation, is contained in this paper. Mr. Burmister has applied his methcd 
to footings with uniform pressures. However, Fig. 3 may also be used in 
computing foundation stresses beneath footings with non-uniform pressure 
distribution. The areas of such footings should be expressed in terms of 
a transformed area. For instance, assume that the pressures in terms of 
Footing No. 2 (Fig. 16), are 3, 4, 6, and 5 tons per sq ft at Corners a, 8, ¢, 


re eae A 
oF oe 

rT oa 
< W Q 
ra 


—-— 
pare? Ft i) 
lp=7.65 Ft 
SECTION 4-A 
(a) : 


45 50 


5 pao 40 
Distance to the Center of Each Loaded Ring, in Feet 


Xe No, 2 
b 


Fic. 16.— TRANSFORMED AREA OF Foorine No. 2. PRBSSURE BENEATH FoorinG, p, IN TONS 
pprR SQUARE Foor; PRESSURE CHART AND Foorine No. 2 Samp AS THAT SHOWN 
on Fie. 3. 


Norn.—The paper by Donald M. Burmister, Assoc. M. Am. Soc. Cc. E., was published 
in January, 1937, Proceedings. Discussion on this paper has been published in Proceed- 
ings, as follows: May, 1937, by Messrs. William B. Kimball, I. M. Nelidov, George Paas- 
well, and Jacob Feld; and June, 1937, by Messrs. Nathan M. Newmark, A. H. Cummings, 
and D. P. Krynine. 

38 Assoc. Bridge Designing Engr., State Highways, Bridge Dept., Sacramento, Calif. 


38a Received by the Secretary June 19, 1937. 
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and d, respectively. In Section A—A along an are with a radius of 35 ft 
from Point A, the pressures vary from p, = 4.66 tons per sq ft to po = 4.50 
tons per sq ft (see Fig. 16(a)). By changing the length, J, the area of the 
pressure diagram may be expressed as an equivalent area of uniform pres- 
sure. The length, Jo, of the footing in Section A—A, Fig. 16(a), with a 
uniform pressure of p = 3 tons per sq ft, is, 


ae Lick eRe eee (21) 
Pp 


or Ty = ESE L S80)? _ 7.65 ft. 

The width of the transformed area may be constructed along the ares 
at various distances from Point A. The computed area of the footing, with 
a uniform pressure of p = 3 tons per sq ft, is shown in Fig. 16 by dotted 
lines, e, d’, c’, and f. Area abfe (Fig. 16) is revolved 180° about Line ef 
and is also converted or transformed into an equivalent uniform pressure. 
Foundation stresses beneath this transformed area may be computed as 
shown by the author in Fig. 3. 

If the pressure curves under the footings are irregular, the area of the 
pressure diagram along the arcs may be determined by planimeter mea- 
surements, or by approximate summation. The width of the transformed 
footing along an are, Jo, will be, 


in which A, is the area of the pressure diagram, and p is the assumed 
uniform foundation pressure. For convenience of computations the uniform 
foundation pressure may be assumed to be the same as the average footing 
pressure. 


The method presented by Mr. Rueneres saves time in computing foun- — 


dation stresses beneath multiple footings. Most of the labor involved in 
his method is that required in preparing the charts for pressures in planes 
at various depths, and the author, therefore, should be encouraged to pre- 
sent his complete set for practical use in design problems. Without such 
charts, if the pressures considered are produced by a single footing, foun- 
dation stresses could be determined in less time by the graphical method 
developed by D. P. Krynine, M. Am. Soc. C. E.,3® in which construction 
of pressure charts is not required. 


% Proceedings, Am. Soc. C. E., April, 1937, p. 669. 
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STRUCTURAL ANALYSIS BASED UPON PRIN- 
CIPLES PERTAINING TO UNLOADED MODELS 


Discussion 
By Messrs. F. B. FARQUHARSON, AND A. A. EREMIN 


F. B. Farqumarson,2® Assoc. M. Am. Soc. C. E. (by letter).?°*—The 
writer views this paper as a contribution to the field of analysis of struc- 
tures by models and from this vantage point suggests that it provides a real 
contribution in a field that receives altogether too little attention from the 
practicing structural engineer. It has been the writer’s experience that the 
influence line in general takes on no real and lasting significance until ex- 
perienced and handled in the form of a model. After working with several 
model methods for a number of years, the re-thinking necessary in reading 
this paper has served a valuable function in bringing Maxwell’s theorem, 
slope-deflection principles, influence lines, and the model and its prototype 
into a more harmonious relationship. 

Tt is undoubtedly true that the fact that models may only be studied 
in connection with an existing tangible model, has led many engineers to 
neglect this approach in favor of one of the many methods requiring only 
pencil, paper, and a slide-rule as adjuncts to fundamental thinking. Thus, 
it is probable that the majority of efforts along model lines have been con- 
fined to university laboratories and a few of the larger engineering offices. 

Tt is unfortunate that this condition exists since it does not follow that 
the model method requires the use of an expensive set of equipment. In-- 
deed, it has been the practice of the writer to accompany the discussion of 
influence lines by practical demonstrations on the blackboard, making use 
of a long wooden spline and half a dozen small steel pins inserted in holes 
in the blackboard. In this manner, using a sharp piece of chalk and a 
meter stick for measurement, influence line results are obtained on fairly 
complex structures which check theoretical computations to within 15 per 
cent. Of course, the general usefulness of the model method is much ex- 


cal r by Otto Gottschalk, Esq., was published in January, 1937, Proceed- 

ings NOTE isivod the paper has appeared in Proceedings, as follows: March, 1937, by 

Messrs. L. J. Mensch, and Frederick Shapiro; and May, 1937, by Messrs. James R, Grif- 
fith, and Camillo Weiss. ; 

2 Agsoe. Prof. of Civ. Eng., Dept. of Civ. Eng., Univ. of Washington, Seattle, Wash. 


26a Received by the Secretary, July 23, 1937. 
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tended by the availability of accurate and more elaborate equipment offered 
commercially for this purpose. 

It has been the writer’s experience that much of the indifference to the 
use of models arises through engineers who have never tried the method. 
It is suggested that even so complex a problem as that illustrated in Fig. 1 
of the paper might be solved with an accuracy within 10% or 15%, through 
the use of a few carefully selected wooden splines, a dab of glue, and a 
-few brads. The model can be constructed and mounted in an hour. A 
minute or two will suffice to trace off the influence line from which the 
- moment at Point F# is observed directly for any single concentrated load 
and obtained with ease for any load distribution whatever. To be sure, a 
check solution yielding the exact theoretical influence line may occupy 
several evenings, but the result is likely to be an enthusiasm for the model 
as an adjunct to structural analysis. 


A. A. Eremrn,?”? Assoc. M. Am. Soc. C. E. (by letter).2”*“—An interest- 
ing method of computing bending moments and shear stresses in rigid 
frames, based on the Mohr principle, which has been cited by the writer 
elsewhere,?® is developed by Mr. Gottschalk. His method has merit, but, 
it is regrettable that he failed to extend it to the computation of stresses 
in rigid frames with variable sections. The advantage of rigid frames and 
continuous beams with variable sections is evident and it is a serious limi- 
tation of the method that it can be applied only to structures with constant 
sections, i 

The computations may be divided into two steps: (1) Computing the 
stiffness factors, S, at each end of members in the frame; and (2) computing 
the factors, f. The stiffening factors express the elastic properties of a 
frame and do not vary with loads on the frame. The factors, f, computed: 
in Step (2), however, vary with the manner of loading and the location of 
a section in the frame at which analysis of stresses is desired. The final 
bending moments and shear stresses in the frame are determined by the 
algebraic expressions involving the Factors f and the loading. The method 
may be extended to determine stresses in rigid frames with variable sec- 
tions. Computation of the stiffening factors, S, and loading factors, f, for 
variable sections may be simplified by preparing tables of constants for the 
elastic properties of members in frames. However, the final algebraic ex- 
pression for bending moment and shear stress in members with variable 
sections, involving the factors, f, will be lengthy and difficult of solution 
for practical purposes. 

In rigid frames more than one story in height the value of S, cannot 
be obtained by direct computations. It must be assumed, and true values 
are determined by repeated trial computations. Therefore, the labor re- 
quired for computing the values of S varies with the experience acquired 
in deciding on an initial trial value. 


7 Associate Bridge Designing Engr., Bridge Dept., State Highways, Sacramento, Calif. 
*ta Received by the Secretary July 28, 1937. 


*8 Transactions, Am. Soc. C. H., Vol. 96 (1932),\ p. 21; 


Xe. 
\ o 
aS 
per A 
rs 


7 


September, 1937 EREMIN ON STRUCTURAL ANALYSIS AND UNLOADED MODELS 1389 


A direct computation of shear stresses by Equations (11) and (12) can 


scarcely be considered a saving of time. In rigid frames, shear stresses at 
ends of members are generally determined by the formula: 


M, — M, 


V=Vot URE Rita aeee wre bes ae iS 


- in which V> = shear stress at one end of a member assuming both ends 


freely supported; My and M,= the restraining bending moments at the 
ends of a member; and / = span length of the member. Evidently, the 
time and effort required for computing Factor f and the shear stresses is 


not less than that required for computing the restraining bending moments, 
M, and M,, and shear stress, Vo, in Equation (68). 

The author’s method is convenient in the construction of influence lines 
for bending moments and shear stresses in rigid frames. Likewise, it may 
be used conveniently in the analysis of stresses in rigid frames and con- 
tinuous beams that have a single statically indeterminate reaction. How- 
ever, in computing bending moments and shear stresses for each member 
of a multiple-span rigid frame the method involves lengthy computations 
and cannot be considered as a time saver. 
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RAINFALL INTENSITIES AND FREQUENCIES 


Discussion 


By C. H. EIFRERT, M. Am. Soc. C. E. 


C. H. Errrert,?? M. Am. Soc. C. E. (by letter).?77—The writer is very _ 
much interested in this paper and is pleased to note that the authors apply 
the method of combining years of record of a number of stations to be used 
in the determination of frequencies. This method was used extensively in 
one of the Technical Reports of the Miami Conservancy District, “ Storm 
Rainfall of the Eastern United States”, published in 1917. This report was 
revised and reprinted in 1936. Elsewhere,3* the writer has attempted to 
emphasize some of the possibilities of this method for increasing the use- 
fulness of precipitation records of comparatively short duration. The 
Miami Conservaney District studies were of great storms lasting from 1 
day to 5 days and were made for flood-control purposes, whereas the inves- 
tigations described by the authors were made in connection with sewer de- 
sign and refer to excessive precipitation lasting from 5 min to 2 hr. How- 
ever, the principle of combining the years of record is the same. 

It is perhaps pertinent to state that judgment and caution must be used 
in the application of this method. The area from which the records are 
combined must have uniform rainfall characteristics; otherwise, the results 
will not be correct for different points within the area. For instance, an 
area in which there are great differences in altitude would probably also 
have great differences in precipitation both as to type and quantity. The — 
years of record for stations in such an area could not be combined satis- 
factorily. 

The records for the individual stations should be long enough to cover 
a fairly complete rainfall cycle. Such cycles are indefinite at best; yet it 
is well known that periods of wet and dry years do occur. Therefore, any 
record so short that it covers a wet or a dry period only would not be 
suitable for use in this connection. 

Notre.—The paper by A. J. Schafmayer, M. Am. Soc. C. E., and the late B. B. Grant, 
Esq., was published in February, 1937, Proceedings. Discussion on this paper has been 
published in Proceedings, as follows: April, 1937, by Messrs. Victor L. Cochrane, and 


L. K. Sherman; and June, 1937, by Messrs. J. O. Jones, Charles W. Sherman, Glen N. Cox, 
Garrett B. Drummond, Eugene L. Grant, Adolph F. Meyer, and Clinton L. Bogart. 


* Chf. Engr. and Gen. Mgr., The Miami Conservancy Dist., Dayton, Ohio. 
37a Received by the Secretary July 2, 1937. 
38 Engineering News-Record, December 31, 1936. 
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In the aforementioned work of the Miami Conservancy District, the 
eastern half of the United States was divided into 2° quadrangles. The 
records of the stations in each of these quadrangles were added to obtain 


_ the total years of record for the quadrangle. Records of less than 5-yr 
- duration were discarded. The size of the quadrangles used is somewhat 


arbitrary. It should probably be changed in order to obtain the most satis- 
factory results for certain localities. In the study of the entire eastern 
half of the United States this refinement could not be attempted on account 


of the work involved. 


There seems to be no good reason for combining the records of stations 
as far apart and differing as much in climatic character as Boston, Mass., 
Yankton, S. Dak., and Knoxville, Tenn. The combination of records from 
stations in the Chicago (Ill.) area should be quite satisfactory. It is true 
that the records of a number of the stations are much shorter than is de- 
sirable so that only part of a cycle is covered and this fact should be borne 
in mind when the data are being used.38* Even if the period is short it is 
probably the best possible way of using these records. It will be necessary 
to revise the curves from time to time as records accumulate. 

A very valuable publication on “ Rainfall Intensity-Frequency Data”, 
by the late David L. Yarnell, M. Am. Soc. ©. E., was issued by the U. S. 
Department of Agriculture in August, 1935. This record covers periods 
from 5 min to 24 hr. The values taken from the authors’ curves for Chi- 
cago agree yery closely with those for the same location taken from Mr. 
Yarnell’s maps. 

The writer has seized every opportunity in the past to emphasize the 
necessity for obtaining more complete records of rainfall and run-off, and 
cannot refrain from doing so again in this connection. The U. S. Weather 
Bureau needs many more recording rain-gages. The records should be made 
continuous and should not be subject to termination on account of lack of 
appropriations as they are at the present time. Fragmentary records lose 
a great deal of their value for the aforementioned reason, namely that they 
cover only parts of cycles. Engineers should emphasize the importance of 
such records whenever possible because legislators, as a rule, do not realize 
the necessity for them. 


38¢ Correction for Transactions: Pages 234-235 (February, 1937, Proceedings), Table 
4, Column (11) read ‘“ Dodge City, Kans.”, instead of ‘‘ Dodge City, Iowa ’’; page 1130, 
Line 28 (June, 1937, Proceedings), change ‘4 yr 7 to read S40 yr’. 
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FLOW CHARACTERISTICS IN ELBOW 
DRAFT-TUBES 


Discussion 
By ELLERY R. FOspDICck, Esq. 


Evtery R. Fospicx,27 Ese. (by letter).247—The improvements which 
heretofore have been made in the science of hydraulics as related to power 
production, have been almost entirely in the field of dynamics and have 
usually been confined to such equipment as turbines, needle-valves, the 
velocity-recovering ability of draft-tubes, and intakes to flow lines. Prac- 
tically no attempts have seemingly been made to improve the design and 
operating characteristics of such important structures as bends, elbows, and 
wye-branches. The excellent work presented in this paper by Professor 
. Mockmore, therefore, is a valuable addition to the information that is 
available on the subject of losses in conduit bends. 

The losses that result from bends and wye branches in conduits are 
frequently quite large and seem to justify more consideration than is usu- 
ally given them. They are of sufficient magnitude in some installations to — 
warrant the expenditure of additional capital for their reduction. 

. Draft-tubes are normally subjected to very low heads or to a partial 
vacuum whereas conduit bends and wye branches operate under higher 
heads. It follows, therefore, that the type of design which is most suitable 
for a draft-tube may not be practicable for use in conduit bends and wye 
branches since for this type of structure it must possess mechanical sta- 
bility under high heads and, at the same time, be justifiable economically. 

The improvements that have been made to hydraulic structures, other 
than bends and wye branches, have reduced the losses occurring in them 
to such a low point that no material improvements can be expected in the 
future and, therefore, the only changes which it is likely will be made are 
refinements that may result in very minor increases in efficiency. On the 
other hand, the designs of bends and wye branches have not been changed, 
1937, Proceedings. Discussion on the paper has appeared in Proceedings, as follows: April, 


1937, by F..T. Mavis, M. Am. Soc. C. B.; May, 1937, by Jerome Fee, Assoc. M. Am. Soe. 
C. B.; and June, 1937, by Messrs. R. EH. B. Sharp, and L. F. Harza. 


27 Dlec. Hngr., Spokane, Wash. 
27a Received by the Secretary June 14, 1937. 
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for the most part, since the inception of conduits, having a circular cross- 
section, and the losses in these structures are sufficiently large in some 
instances to justify the expenditure of additional sums of money, in order 
to improve the designs toward the end of increasing their efficiency and 
improving their operating characteristics. 

General—tIn view of the foregoing facts, the writer has conducted an 
investigation during the past few years similar to that made by Professor 
Mockmore, to determine the character of the losses that occur in bends 
and wye branches, whereas the different types of bends investigated by 
Professor Mockmore were principally suited for use under low heads as 
contrasted with the types of structure that were studied by the writer for 
use under high heads. 

The passage of a fluid around a bend in a conduit results in a double 
spiral eddy in which the diversion loss occurs. This eddy is produced as a 
result of the distortion to the normal distribution of velocity and an ab- 
normal pressure created by the centrifugal thrust of the fluid. These 
phenomena have been studied by several investigators,?§ and the results of 
their work have been previously made available to the Engineering Pro- 
fession through the medium of various technical publications. Conse- 
quently, no further discussion of the subject will be given herein. i 

It has been known to hydraulic engineers for some time that the losses 
resulting from a bend may be decreased materially through the use of a 
conduit flattened in a plane at right angles to the plane or the bend. Such 
a structure, however, is suitable only for very low heads and could not be 
made physically stable for high heads without. excessive cost. 

In view of these facts, the selection of a design for reducing the losses 
in conduit bends would be more or less limited to a cross-sectional shape 
that was circular, or some part of a circle, so that it would tend to main- 
tain its normal contour under high pressures. After much investigation 
of this problem before the beginning of these tests, it was finally decided 
to study a bend with a semi-circular cross-section with the shortened diam- 
eter lying in the plane of the bend. Such a conduit might be easily con- 
structed for use under high pressures from a circular pipe by merely 
installing a diametrical partition wall with relatively small vent holes in 
it, which would transmit the fluid pressure to the side of the partition 
wall away from the moving column of water. In this manner the hydro- 
static pressure of the fluid would be exerted upon a physically stable 
structure with a circular cross-section, while the dynamic flow would take 
place through a conduit having a semi-circular cross-section and the par- 
tition wall would only have to withstand the forces produced by the dy- 
namic flow of the fluid passing around the bend. 

The tests that are described in this discussion were conducted in the 
Hydraulics Laboratory at Washington State College, Pullman, Wash., using 


28 + A] of Water Around Bends in Pipe”’, by the late David L. Yarnell and Floyd A. 
Nagler, areeterss Am. Soc. C. B., Transactions, Am. Soc. C. E., Vol. 100 (1935) p. 1018; 
us Modern Conceptions of the Mechanics of Fluid Turbulence”, by Hunter Rouse, Assoc. M 
Am. Soc. C. E., Proceedings, Am. Soc. C. B., January, 1936, p. 21; Loss in 90-Degree Pipe 
Bends of Constant Circular Cross-Section ”, py Albert Hofman, Transactions, Munich Hydr. 


Inst., Bulletin 8. 
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a standard 6-in. pipe for the supply and discharge lines from a 90° test 
bend. A schematic arrangement of the flow line which was used for these 
tests is shown in Fig. 20. It will be observed that the supply line was a 


32"113" 
6" F 50" rot pcr 12°52" 
2" 6" Pipe 


IX VIII 


Arrangement of 


= o Piezometers 
oO = :0- 
inl he Top 
-_ wo - 
8 Right 

ou Bottom 

Hy Valve for Controlling 
ba SE 


Valve for Controlling 
Pressure 


Supply from 
Centrifugal Pump 


Discharge to 
Measuring Weir 


Fig. 20.— DIVERSION LOSSuS IN PIPE BENDS; ARRANGEMENT OF FLOW LINE USED 
FoR TESTS. 


- 


straight section of 6-in. pipe practically 33 ft long, whereas the discharge 
pipe was a straight section of 6-in. pipe approximately 16 ft long. The 
90° test bends were inserted between these two sections of pipe. The water 
supply was obtained from a centrifugal pump, and the flow was measured 
over a triangular weir shown in Fig. 21, which had previously been eali- 


Fic. 21.—Concrnte FLuMH AND TRIANGULAR MEASURING WHIR. 


~ wind 
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brated within very~close limits. The flow was regulated by means of a 
valve on the discharge side of the pump and the pressure on the flow line 
and test bend was regulated by means of a valve in the discharge pipe. 

; Ten measuring sections were laid out along the 6-in. pipe, as shown in 
Fig. 20. Four piezometers were placed at each of these sections, spaced 
90° apart, with two of them lying in the plane of the bend and two in-the 
plane at right angles to the plane of the bend. Each of these piezometers 
consisted of a ;';-in. hole which had been drilled radially into the pipe and 
reamed with a specially built reamer so that the broken bits of metal were 
removed from the inside of the pipe at the edge of the hole and also so that 
the inside edge of the hole was slightly rounded. Figs. 22 and 23 show the 
supply line and a test bend in place in the flow line and the discharge line. 


DISCHARGE LINE AND 
Trst BEND. CONTROL VALVE. 


Fic. 22—SuppLty LINE AND Fie. 23. 


Each of the piezometers was connected to a vertical, glass tube manom- 
eter. Throughout the tests of the first two bends, the oscillations of the 
water column in the manometers were damped by pinching the rubber 
tubes that connected the manometers to the piezometers. During the tests 
on the third bend a 6-in. length of capillary tube was placed in series 
between each manometer and the piezometer for the purpose of damping 
these oscillations. This latter arrangement was found to be somewhat more 
satisfactory than the one originally used. 

Three types of 90° bends were tested; the first had a semi-circular 
eross-section with the same area as a standard 6-in. pipe with the flat side 
of the semi-circular cross-section at right angles to the plane of the bend 
and on the side of the pipe away from the center of curvature. This bend 
was connected to the pipe having a circular cross-section by means of 
transition sections. After some preliminary tests had been run on this 
particular bend another one was constructed, in which the transition and 
the bend were cast integral in one piece. This bend is shown in Fig. 24. 
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Fic, 24.—FRONT VIEW OF IMPROVED SprcraL Evpow No. 1. 


The next set of tests was run on a standard 6-in. flanged, short-radius 
elbow. The third set of tests was run when using a semi-circular bend 
with a cross-sectional shape similar to that in the first set, except that the 
flattened surface was located on the side of the bend nearest the center of 
curvature, as shown in Figs. 25 and 26. All the special bends that were 


Fic. 25.—END VIEW OF IMPROVED Fic. 26.—S1pE Vinw oF IMPROVED 
SPECIAL ELBow No. 2. SPECIAL HLBOow No. 2. 


tested had the same radius of curvature on the face of the pipe farthest 
from the center of curvature as the standard bend. A total of 10564 ob- 
servations was made of the losses and corresponding flows for the first two 
of these bends, and 4496 observations were made of the third one. The 
results of these observations have been computed and analyzed graphically. 
A summary of the information which has been obtained follows. 

Method of Testing.—Observations of pressure heads were made in the 
manometers connected only to the right-hand piezometers at the various 
stations along the flow line, and the equation between the water level in 


: 


ah Ses 
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the right-hand and left-hand piezometer at each station was earefully ob- 


served throughout the test runs, and recorded at the end of each group of 


readings. It was found that the equation between the right-hand and 


: left-hand piezometers at any one station remained substantially the same 


for any given condition of flow, and for this reason it was unnecessary 


to take readings in both of them. 


A group of twenty-five simultaneous readings of the pressure head in 
the flow line was made for each condition of flow at each station when 


- testing the standard bend and Special Bend No. 1. These readings were 
_ made at 10-sec intervals and were found to cover at least one complete 


eycle of the variations in pressure that were found to be present in the 
flow line under stable conditions of flow. Consequently, the average of 
these twenty-five readings for any one flow completed a fairly accurate 
measure of the normal average pressure head that existed during the 


_ particular run. 


In making the observations for Special Bend No. 2, the number of 
consecutive simultaneous readings that was made for any one condition 
of flow, was reduced to twenty, as this appeared to be adequate for the 
degree of accuracy desired. The method of reading and the interval of 
time between readings were the same as for the previous tests. 

Due to the limited number of observers it was impossible to read all the 
piezometers simultaneously and, therefore, it was necessary to take three 
groups of readings for each test run at each of four adjacent stations. 
The stations that were read in each group of observations had to overlap in 
order to determine a continuous hydraulic gradient for the entire flow line; 
that is, the last, or fourth, station in the first and second groups of read- 
ings were the first stations read in the second and third groups of readings. 

Observations of the flow were made by taking readings of the head on 
the weir at 30-sec intervals throughout each test run. The head on the 
weir was measured with a standard hook-gage and the observations were 
read to 0.0001 ft. The standard bend was tested under fifteen different 
conditions of flow with a range of velocity from 2.5 to 7.2 ft per sec. 
Improved Bend No. 1 was tested with a total of twenty-one different flows, 
having a range of velocity from 2.4 to 7.1 ft per sec and Improved Bend 
No. 2 was tested for nine different flows having a range of velocity from 
1.7 to 7.5 ft per sec. 

Computation of Results—The diversion loss resulting from the fluid 
passing around the bend was found by subtracting the total friction loss 
in the flow line from the total loss in the flow line. 

The temperature of the water passing through this flow line during the 
tests was measured at frequent intervals, and, from this, it was possible 
to ascertain the kinematic viscosity. With this factor and the mean veloc- 
ity of the fluid and the diameter of the pipe known, it was possible to 
compute Reynolds number for the various conditions of flow. This af- 
fords a dimensionless parameter for designating the results of these tests 
so they may be transposed to other hydraulic structures having the same 


geometric similitude. 
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Tt will be observed from Fig. 27, which contains a summary of the 
information obtained in these tests, that the diversion loss factors for the 
standard and special bends approach a constant value at about R = 250 000. 
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Fic. 27.—CoMPARISON OF DIVERSION LOSS FACTORS FOR VARIOUS TYPES 
or CAST-IRON FLANGED 90-DEGREE BENDS 


This is in accordance with the observations of other investigators and 
indicates that the loss factors for a Reynolds number of approximately 
250000 may be used with a fair degree of accuracy in computing the 
losses with a flow having a Reynolds number many times greater. 

No observations were made for a Reynolds number much less than 
50000 as this represents a very low mean velocity of flow for a pipe of 
this size and is a condition that is not ordinarily of importance in the 
operation of hydraulic structures, therefore, although it may be of theo- 
retical interest, it is not of any practicable importance. It is probable, 
however, that if these observations had been made, the loss factor curves 
would have followed approximately the course indicated by the dashed 
lines on Fig. 27. 

Conclusion.—The results of the tests summarized in Fig. 27 indicate 
clearly that a considerable reduction can be made in the diversion losses 
that result from the passage of a fluid around a conduit bend by the use 
of conduits having a semi-circular shape when they are arranged with the 
flat side at right angles to the plane of the bend. This is in agreement 
with the conclusions reached. by Professor Mockmore and others that the 
losses resulting from the passage of a fluid around a conduit bend can be 
reduced by flattening the structure in the plane of the bend. The semi- 
cireular shape of the conduit bends that have been used in these tests 
create a redistribution of the fluid velocity that minimizes the losses by 
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reducing the unbalance of pressure resulting from the centrifugal thrust of 
the fluid column and by decreasing the resistance to flow around the bend 
on the side nearest the center of curvature. The types of bends tested by 
the writer were designed to withstand high heads in addition to reducing 
the losses whereas the bends that were tested by Professor Mockmore were 
designed for use under low heads. As a result there is not sufficient 
similarity between the different bends that were tested to permit a com- 
parison of the results. 

The loss factors for Special Bend No. 1 with the flat side radially outer- 
most were found to be materially less than the corresponding loss factors 
for a standard bend of circular cross-section having the same cross-sectional 
area and radius of curvature. The loss factors for Special Bend No. 2, 
which had the flat side radially innermost, were found to be much less 
than the corresponding loss factors for Special Bend No. 1 and very much 
smaller than the losses for the standard bend. 

The construction of a conduit bend having a semi-circular nite pas- 

sage for the moving fluid is feasible for operation under high heads with 
the shell and partition design. In this type of structure a circular pipe 
haying approximately twice the required cross-sectional area, and designed 
to withstand the fluid pressure, has a relatively thin longitudinal partition 
wall that is secured in the pipe in a diametrical position in the plane at 
right angles to the plane of the bend. Relatively small holes in the par- 
tition wall transmit the fluid pressure to both halves of the conduit with 
the result that the only force acting on the partition wall is the relatively 
small pressure produced by the dynamic action of the fluid. 
_ Acknowledgment.—The facilities of the Hydraulics Laboratory at Wash- 
ington State College were made available for these tests by H. V. Car- 
penter, Dean of the Engineering School, and M. K. Snyder, M. Am. Soe. 
C. E., Head of the Civil Engineering Department.’ J. G. Woodburn, Assoc. 
M. Am. Soc. C. E., contributed much of his time and energy in assisting 
with the work that was done in the Laboratory, and it was largely through 
his efforts and co-operation that these tests were successfully completed. 


SS ees 
AMERICAN: SOCIETY OF (CLV ITE ENGINEERS 
Founded November 5, 1852 


DISCUSSIONS 
eee 


NATIONAL ASPECTS OF FLOOD CONTROL 
A SYMPOSIUM 


Discussion 


By Messrs. H. K. BARROWS, IVAN E. HOUK, AND 
JOHN E. FIELD 


H. K. Barrows,®> M. Am. Soo. ©. E. (by letter).5°¢—Mr. Wolman’s 
statement of the factual situation in regard to flood protection is in general 
accord with the views of the writer. 

Engineering studies of past destructive floods are generally incomplete, 
due to the lack in the past of effective agencies to procure and co-ordinate 
at or about the time of the flood the necessary information to serve as a 
basis for its study. Fortunately, there are some exceptions, however, as 
illustrated by the Ohio flood of 1918, where local agencies obtained much 
valuable data—particularly by the work of the Miami Conservancy Dis- 
trict and its excellent set of engineering reports. Even in this case the 
data of flood damages—particularly those of an indirect nature—are un- 
certain. During the past decade the U. S. Geological Survey has developed 
a policy of procuring data of flood run-offs, following up all major floods, 
and is covering this field admirably. 

In general, it is not likely, therefore, that much more specific data of 
value relating to the earlier destructive floods can be obtained, due to a 
dearth of definite information from the past. 

The lack of detailed and carefully prepared complete programs for flood 
relief is quite obvious, in most sections of the United States, and little 
attention has been given as yet to the consideration of other water uses, 
in co-ordination with flood control. 

As Mr. Wolman states, every major flood brings a popular clamor for 
action which if hastily acted upon, without careful and deliberate planning, 
is bound to mean wasteful and perhaps ineffective measures. 
mscting of: the Waterways Division, Pittsburgh, Pay October: ibvacn aacsabting fat een 
lished in March, 1937, Proceedings. Discussion on this Symposium has appeared in Pro- 
ceedings as follows: June, 1937, by Messrs. F. C. Scobey, Howard T. Critchlow, T. T 


Knappen, M. C, Tyler, Gordon R. Williams, Arthur T. Safford, W. G. H F ’ 
Jr., John H. Meursinge, H. K. Barrows, HB. D. Hendricks, and Edward w ‘aah preg : 


55 Prof., Hydr. Eng., Mass. Inst. Tech.; and Cons. Engr., Boston, Mass. ri 
55a Received by the Secretary July 2, 1937. 
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The inhibitions of the Copeland Act of 1936, which was directed solely 
at flood-control measures, have had an unfortunate effect in causing almost 
a complete lack of comprehensive planning of river developments thus far 
in accord with all the other aspects of river conservation and control. 
Moreover, in many sections of the country flood-relief benefits are not suffi- 
cient to warrant the expenditures required for this purpose alone. 

Although the destructive aspects of a river in flood must be reckoned 
with, the development of its constructive and useful qualities prevailing 
most of the time should certainly not be overlooked and flood-relief mea- 
sures are only a part of the general plans that should be made and con- 
sistently followed in the full development of the streams of the country. 


Ivan E. Hovux,5¢ M. Am: Soc. COC. E. (by letter).**¢—Comprehensive 
treatments of flood-control problems presented in this Symposium show 
that the disastrous flood occurrences of recent years are gradually causing 
the development of a long needed, national, flood-prevention movement. 
Some of the Federal plans outlined by Colonel Covell may be delayed for 
many years, possibly until future flood calamities provide new impetus. 
Nevertheless, if only a few are carried to completion at this time, they 
will result in saving of life and property which can scarcely be evaluated 
on a purely monetary basis. 

Probably one of the most urgent needs in connection with present 
flood-control work is an adequate forecasting system. Officials of the U. S. 
Weather Bureau have rendered excellent service on some of the larger 
rivers where appreciable time intervenes between the occurrence of storm 
rainfall and the arrival of flood peaks. However, much remains to be 
accomplished in developing adequate forecasting organizations for small 
tributary streams in the upper parts of the drainage areas where maximum 
flood stages occur only a few hours, or only one day or two days, after 
the most intense precipitation. 

The requirements for an ideal river and flood service mentioned by the 
late Mr. Hayes,°¢ if provided in sufficient number in each river section, 
should furnish the necessary facilities for forecasting maximum stages 
during most flood-producing storms. Naturally, they would not be ade- 
quate for forecasting cloudburst floods in isolated mountainous drainage 
courses, where crest stages arrive almost simultaneously with the first 
run-off (as at Heppner, Ore., on June 14, 1903, when two hundred people 
were drowned, one-third the town washed away, and approximately 
$250 000 worth of property destroyed). 

Cloudburst floods of the Heppner type occur so suddenly and erratically 
that their prediction probably never will be practicable. In such cases 
residents along the lower sections of the streams usually must depend on 
telephone warnings from up-stream locations. During the Cherry Creek 
flood of August 8, 1933, caused by cloudbursts south of Denver, Colo., 


56 Senior Bngr., U. S. Bureau of Reclamation, Denver, Colo. 
56a Received by the Secretary July 6, 1937. 
56> Mr, Hayes died November 16, 1936. 
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and. the resulting failure of the Castlewood Dam, telephone and radio 
warnings were so effective that only two lives were lost.’ Probably the 
only way to insure warnings of advancing cloudburst floods, if such warn- 
ings should ever be considered necessary, would be to install automatic 
float-gages at up-stream locations, and to connect them electrically with 
the forecasting office, so that alarms would be sounded when dangerous 
stages were reached. 

Automatic recording river and rainfall gages are desirable for use in 
forecasting floods in small up-stream drainage areas. However, they are 
not essential. About 1917 the writer was forecasting floods in the Miami 
Valley of Southwestern Ohio, where the most remote parts of the water- 
shed were not more than a hundred miles from the Central Office. Co- 
operative arrangements were made with the Weather Bureau observers 
whereby each inch of rainfall and each foot of river rise were reported by 
telephone or telegraph during storm periods. The observers were paid 
additional compensation on the basis of the number of special reports 
submitted. Consequently, they watched their gages and made their reports 
promptly. The system worked so satisfactorily that accurate forecasts of 
river heights could be issued well in advance of the arrival of the crest 
stages, not only for the principal cities of the Valley, but also for the 
various construction activities which were being carried on by the Miami 
Conservaney District. 

The real value of installing recording rainfall and river gages in fore- 
casting systems for small drainage areas lies in the satisfactory data they 
supply for subsequent detailed studies of hydrologic conditions. The fore- 
casters will want to make such studies after the floods have passed, when 
they have time to analyze all factors carefully. During the occurrence of 
the storm rainfall and the arrival of the flood stages they will be too busy 
to make detailed quantitative analyses of run-off phenomena. At such 
times, the most important matter is to get the necessary rainfall and run- 
off reports, promptly, so that forecasts can be quickly formulated and issued 
in time to be of value. Consequently, telephone, telegraph, or radio trans- 
mission facilities must be available. 

Mr. Hayes mentioned the desirability of conducting snow surveys in 
the Eastern mountains. The methods to be used in such surveys prob- 
ably should be somewhat different from those used in Western United 
States, since the information will be used in forecasting flood-stages 
during the winter and spring months instead of total run-off during the 
spring and summer seasons. Probably the accurate measurement of the 
water content of the snow at selected stations throughout the eastern 
drainage areas will be more satisfactory for flood-forecasting work than 
the establishment of snow courses such as are used in the West. Meas- 
urements of the water content should also be made much more frequently 
than snow surveys are usually conducted. 


57“ Failure of Castlewood Rock-Fill Dam”, by Ivan E. H i 
News, September, 19338, pp. 373 to 875. 4 Om edie ty Con aeeea tts 
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Joun EK. Fievp,5* M. Am. Soc. C. E. (by letter).°°¢—In proposing five 
changes in the present plan of operating the U. S. Weather Bureau, the 
late Mr. Hayes listed snow surveys as Requirement (c). The method of 
making snow surveys proposed herein applies only to those areas where the 
snow banks; last well into the summer and where the spring floods come 
from melting snows and are probably confined to the Rocky Mountains, 
and the Wasatch and Coastal Ranges. Even limited to those areas snow 
water affects the territory from the 104th Meridian, about the eastern 
boundary of Montana,- Wyoming, Colorado, and New Mexico, to the Pacific 
Ocean, and especially to those areas where irrigation is practical. 

In the building of the hydraulic-fill dam of the Terrace Reservoir, in 
the Alamosa River, in Southern Colorado, covering the years 1908 to 1912, 
it was necessary to know the probable run-off of the river a week or more 
in advance, to be able to estimate the probable peak flow from melting snow, 
and to know when the maximum had passed, because any quantity greater 
than 1200 cu ft (the capacity of the outlet turned) must be stored or 
carried over the dam by flumes. By observing the snow banks, about 10 
miles distant, in the canyons and gulches, or in the high mountains of the 
water-shed (10000 to 12000 ft above sea level), the writer found several 
that were indicative of the run-off to be expected in the days immediately 
following the observations. The weather conditions, of course, were taken 
into account in forecasting. the run-off for each day as cloudy weather 
lessened the melting and clear days augmented it. 

At the end of four years and with the records of the flow of the river, 
the writer felt he could predict the season’s run-off quite satisfactorily, 
from the appearance of the snow banks in May. 

Being called upon to estimate the probable supply for the City of 
Denver, Colo., in March, 1933, and the predictions later proving to be 
much in error, it occurred to the writer that a study each spring of the 
snow banks on the city water-shed would furnish a more reliable basis for 
prediction than precipitation, snow surveys, and soil moisture records, 
which had been used in the 1933 estimates. 

The Denver Board of Water Commissioners was induced to test the 
theory; it furnished telescopic lenses for the cameras and designated Harry 
L. Potts, M. Am. Soc. C. E., to gather the data. A program was devised 
(since much improved by Mr. Potts) fixing the points from which photo- 
graphs were to be taken, at least once each month, and then co-ordinated 
with stream flow and weather records. 

These records are depended upon by the Board of Water Commissioners 
of the City of Denver, in the operation of the city system and particularly 
in determining whether the City can safely sell stored water to proprietors 
of the irrigation canals below, who are in great need of water in July and 
August. 

Tt is the hope of the writer that the current research will show the 
method to be both simple and reliable and, supplemented by some snow 


68 Cons. Hngr., Denver, Colo. 
58a Received by the Secretary July 16, 1937. 
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measurements, will be valuable to all who are concerned with water from 
the high mountain areas. It is his wish that some Federal Department 
will adopt the method and that it will lead in time to the publication 
monthly of the probable run-off on each stream, in a manner similar to the 
crop reports now being furnished by the Government to the public. 


Note.—Corrections for Transactions are: March, 1937, Proceedings, 
page 451, in caption of Fig. 1, change “1936” to read “1927 ”; and June, 
1937, Proceedings, p. 1189, Line 17, change “173 cu ft per sec” to read 
“173 000 cu ft per sec.” 
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Discussion 


By MEssrs. WILLIAM P. CREAGER, HAROLD K. PALMER, MOoR- 
ROUGH P. O’BRIEN, JOHN C. PAGE, JOHN H. BLISS, AND 
B. H. MONISsH 


Wiuitiram P. Creacer,® M. Am. Soc. OC. E. (by letter).1°%*—The contents 
of this paper are of exceedingly great interest. It is hoped that more data of 
like character will be forthcoming for other cases. 

When water containing silt in suspension enters a relatively clear reser- 
voir, the chances of its passage through such reservoir essentially unmixed, 
depend upon: (1) The volume of the incoming water; (2) the slope of 
the bed of the reservoir; (3) the roughness of the bed of the reservoir; 
(4) the length of the reservoir; (5) the specific gravity of the incoming 
water; and (6) the size of the particles in suspension. 

For the same specific gravity, the greater the volume of inflow the 
deeper will be the stream of unmixed water; and this factor, together with 
the slope and roughness, affects its velocity of flow just as in an ordinary 
stream. It is obvious that the greater distance the unmixed stream has 
to travel, the greater will be the opportunity for the suspended matter to 
settle. 

All these conditions must be taken into consideration for a particular 
problem and additional information similar to that furnished by the authors 
will provide the basis of the constants of flow. 

The specific gravity of the incoming water depends upon: (a) Its tem- 
perature; (b) its dissolved matter; and (c) its suspended load. The 
temperature of the water entering the lake may be greater than that of 
the lake with a resulting tendency to keep on the surface. However, the 
authors have shown that, for this case, the variation in specific gravity due 


Norr.—The paper by Nathan G. Grover, M. Am. Soc. C. E., and Charles L. Howard, 
BEsq., was published in April, 1937, Proceedings. Discussion on this paper has appeared 
in Proceedings, as follows: June, 1937, by Messrs. O. A. Faris, Paul A. Jones, Carl E, 
Scofield, and Ivan BH. Houk. 

19 Cons. Engr., Buffalo, N. Y. 

19a Received by the Secretary May 27, 1937. 
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to temperature is negligible in comparison with the variation due to 
suspended load. 

Although the quantity of dissolved material undoubtedly affects the 
specific gravity of the incoming water, there is no evidence in Fig. 2 to 
show that it had much influence on the discharge of silt from Lake Mead, 
as indicated by the following notes: (1) There was no increase in dis- 
solved matter prior to the April discharge of silt; and (2) dissolved matter 
has no chance to settle, as does suspended matter. Therefore, one would 
expect that, if the greater specific gravity of the water due to dissolved 
matter were predominant, there would be some similarity between the 
inflow and outflow of dissolved matter. However, in August, the outflow 
was reduced while the inflow was increasing; whereas, in November, the 
reverse is true. 

The writer wishes to discuss the suspended load, first, on the basis of 
size of particles; second, on the basis of total volume in suspension; and, 
finally, on the basis of the percentage of material in suspension. 

Small particles settle in water more slowly than large ones. There- 
fore, other conditions being the same, it would be expected that turbulence 
caused by fine particles would find its way through the lake more readily 
than that caused by large particles. However, the quantity of fine par- 
ticles does not seem to be the predominating feature at Lake Mead, for the 
following reason: The variation in size of particles entering the lake is 
shown in Fig. 2(b) of the paper. The authors state that “ whenever there 
was an increase in load of suspended matter at the Willow Beach Station 
there had been a prior increase in the quantity of material less than 20 
microns in diameter at Grand Canyon.” However, the reverse of this state- 
ment is not the case. For instance, a considerable discharge of suspended 
matter from the lake occurred after the April increase in quantities of 
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material less than 20 microns, but in June there was a still greater increase 

in fine particles with no resulting discharge of suspended matter from 

the lake. This same argument may be applied to show also that neither the 

total quantity of suspended matter entering the lake nor the total flow 


is the predominating feature affecting discharge of suspended matter from 
the lake. 
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The authors state that “there will naturally be speculation as to the 
reason why the high water of May and June, with its heavy silt load at 
Grand Canyon, did not produce a turbid discharge from Lake Mead.” The 
writer believes that the answer is to be found in his Fig. 5, in which 
the percentage of suspended matter entering the lake (taken from Table 1) 
and the tons of suspended matter discharged from the lake (taken from 
Fig. 2(c)) are plotted. It will be noticed that there is a distinct agree- 
ment between these plottings. There was always a discharge of silt from 
the lake when the percentage of suspended matter entering it was greater 
than about 2 and no discharge of silt from the lake when the percentage 
was less than 2. The authors’ speculation will be answered when it is 
noticed that the higher water of May and June with its “heavy silt load” 
by volume actually had a relatively small percentage of silt, and therefore, 
a relatively low specific gravity. 

The fact that, in March, silt was carried through with only 1.7% 
of suspended matter whereas, in April, it did not carry through with 
1.9%, may be accounted for by the fact that, in March, the percentage of 
dissolved matter was greater and the temperature probably less, resulting 
in greater specific gravity for the same percentage of suspended material. 

It is not possible, with the data available, to form final conclusions; 
but the facts presented in the paper indicate that: 


1.—It requires a certain specific gravity of the incoming water to carry 
the silt through the lake. 

29.—At Lake Mead, the predominating feature affecting specific gravity 
was the percentage of total suspended load, although the percentage of fine 
particles and dissolved matter and the temperature may have had a minor 
influence. 

3.—For the physical conditions at Lake Mead, it requires a specific 
gravity corresponding at least to that for about 2% of total suspended 
matter. 


Harotp K. Paumer,2° M. Am. Soc. C. E. (by letter).2°*—An unexpected 
phenomenon of scientific interest is described in this paper. Although it 
might be that the useful life of this large project would be increased 
slightly by proper operation, as the authors suggest, any possible increase 
in life would be small because the percentage of silt fine enough to be 
earried through such a long reservoir would be small. The coincidence 
of the increase in specific gravity of the water at Willow Beach observed 
from October 5 to 14, 1935, with the period of turbidity, suggests that 
this increased specific gravity is probably the explanation of the passage 
of turbid water through the lake. The authors show that the increased 
specific gravity is almost entirely due to the concentration of fine material, 
and Figs. 2 (b) and 2 (¢) show that periods of turbidity follow sharp 
peaks of fine material observed at Grand Canyon, Therefore, a solution 
should be sought in the behavior of two bodies of water of different specific 
gravity when brought into contact with each other. 


2 Chf. Draftsman, Los Angeles County Sanitation Dists., Los Angeles, Calif. 
20a Received by the Secretary June 24, 1937. 
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In collaboration with A. M. Rawn, M. Am. Soc. C. E., the writer made 
an extensive series of experiments on the mixture of fresh water and sea 
water.21. This investigation dealt with the behavior of a lighter water 
introduced at the bottom of the body of heavy water which is the opposite 
of the conditions encountered in Lake Mead, but some of the results can 
be easily applied to both cases. 

In the experiments with sea water it was found that the mixture of 
the two waters occurred in two stages, the first being a violent mixture 
caused by the turbulence along the plane of contact as the fresh water 
rose rapidly to the surface of the salt water, followed by the second stage 
when the somewhat diluted fresh water spread over the surface of the salt 
water. The term, “initial dilution”, was used to express the degree of 
mixing that had been affected at the end of the first stage, when the 
water reached the surface. All the experiments revealed the fact that 
if this initial dilution was small (about nine parts of salt water to 
one part of fresh), the final mixing was very slow and the field would 
spread to large dimensions before disappearing at a theoretical dilution 
ratio of 225 to 1. It was also found that if the natural spreading of 
the field was interfered with in any way, such as being confined by a 
sea wall, further dilution was much slower and the fresh water tended 
to travel without much further mixing. 

The authors show that about eight days after the specific gravity of 
the water at Grand Canyon showed an increase from 0.995 to from 1.005 
to 1.008, the turbid water appeared at Willow Beach. The specific gravity 
of sea water is 1.026. Reducing this figure to 1.016 would be equivalent 
to the change in specific gravity noted at Grand Canyon and would be 
accomplished by a dilution of approximately two parts of salt water with 
one of fresh. Such a mixture would be quite stable and could be ex- 
pected to continue its travel for a long distance without great dilution. 

When the heavy water encounters the quiet water of Lake Mead, in 
a confined canyon where the cross-section increases gradually, its velocity 
will be reduced without turbulence, and the cross-section of the moving 
stream must increase in the same proportion. In the narrow box canyons 
which occur in Lake Mead, the bottom stream is confined and the plane 
of contact with light water will be narrow, thus making any mixing very 
slow. The velocity of the heavy water under the quiet light water is a 
function of the difference of specific gravity and the slope of the bottom, 
which latter is a constant for any given location in the lake. The 
velocity of the stream of heavy water will be a direct function of the 
difference in gravity whereas its depth will be inversely proportional to 
its velocity. Friction between the two classes of water complicates the 
problem, and the inertia of the heavy water prevents any motion until the 
difference in gravity attains some minimum value; but once motion is 
started the same inertia will maintain it until this difference has de- 
creased to a value less than was required to initiate the movement. This 


$e 
21‘ Predetermining Extent of Sewage Field in Sea Water” 
C. B., Vol. 94 (1930), p. 1036. Nhat secntelne. Steam 
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fact would explain the movement in surges. Furthermore, since the in- 
crease in specific gravity is due to a mechanical mixture, rather than to 
a solution, the settling of the fine particles in the quiet water of the 
bottom during periods of negligible movement would tend to decrease the 
force required to start the flow. 

The actual behavior could best be found by means of experiments with 
a model, and it would also be well to make regular specific gravity obser- 
vations at Grand Canyon, and at Willow Beach beginning a few days 
after heavy water was noted at Grand Canyon. Sub-surface samples from 
different parts of the lake, especially at both the upper and lower ends of 
the wide sections, should yield interesting data regarding the difference 
in behavior in the box canyons and the open sections of the lake. 

When the difference in specific gravity is very small, the depth of the 
stream of heavy material should be great and, in the valleys, it would 
spread well out of the old stream bed, thus increasing the plane of contact 
so much that mixing would be increased enough, practically, to stop the 
flow beyond the valley. Any model for this study should contain alternate 
box canyons and wide valleys to study this effect. With this information 
it might be possible to determine the shapes of reservoirs which would 
be expected to pass turbid water through them, and compare these with 
Lake Mead, or with any other reservoir which passes turbid water 
through it. 


Morroveu P. O’Brien,” Assoc. M. Am. Soc. C. E. (by letter).— 
Recent theories dealing with the suspension of solid material in turbulent 
flow, treat the problem as one of statistical equilibrium in which the trans- 
verse components of velocity carry more material upward than downward, 
because of the increase of concentration in the downward direction, and 
thus counteract the constant settling tendency. Provided: that the upward 
velocity components exceed the settling velocity of the material, a steady 
state of suspension may be attained. From this viewpoint a possible ex- 
planation of the flow of turbid water through Lake Mead may be that the 
greater density of the water carrying suspended material caused it to follow 
the bottom at a sufficiently great velocity to result in a turbulent flow capable 
of re-suspending the solid particles as they settled out. Thus, the inflow- 
ing stream might be held to the bottom in its course through the reservoir. 
This phenomenon is essentially different from the flow of cold or saline waters 
because the mixture is not permanent. ale 

An approximate computation of the order of magnitude of the quantities 
involved may be made by assuming that the usual friction equations ap- 
ply without allowance for the energy dissipated in the circulation set up in 
the overlying water. The resulting equation would be, 


100 8 
22 Prof. of Mech. Eng., Coll. of Eng., Univ. of California, Berkeley, Calif. 
22a Received by the Secretary July 7, 1937. 
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in which V is the mean velocity; gm is the gravitational force per unit mass; 
kis a friction coefficient; R is the hydraulic radius; S is the slope of the bottom; 
p is the percentage concentration; and s is the specific gravity of the material 
in suspension. If the layer of water is thin in proportion to its width, R may be 
replaced by 7’, the thickness. The discharge is DVT’, in which 6 is the width. 
When S = 0.0007, s = 2.65, k = 0.003, and b = 400 ft, the depths and 


TABLE 3—Compurep VELOCITY AND THICKNESS OF SILT CURRENT. 


Description April 11 September 4 September 30 
Percentage by; weightss. sve ks ate ebm eno ae 3.16 5.02 4.14 
Discharge, in cubic feet per second.............. 15 600 8 630 18 100 
Computed thickness, 7’, in feet................- 21.5 12.5 22 
Computed velocity, in feet per second.........-. 1.8 LF pan | 


velocities for three days of high concentration are as given in Table 3. At 
best, these values are only rough approximations not only because of the 
simplified theory used, but also because of insufficient data. No allowance 
was made for differences in temperature between the reservoir and the in- 
flowing stream, the width was assumed as 400 ft, and the slope is only an 
average value, and yet the results are within reason. The Reynolds num- 
ber is high and these flows should be turbulent, but the vertical density gradient 
would probably reduce the turbulence below that which would occur in a 
clear stream of the same depth and mean velocity. 

At a velocity of 1.5 ft per sec (which is below the computed velocities) 
the flow would traverse the 90-mile length of reservoir in a little less than 
four days. During this interval, material as small as 5 microns would settle 
out of still water, and the stream would lose its identity before reaching the 
tunnels unless the material is kept in suspension by the transverse velocities 
of the turbulence. The approximate average magnitude of these transverse 
velocities would be 0.15 X 1.5 = 0.22 ft per sec, or 80 ft per hr and some 
particles larger than 50 microns might be transported. 

Using the same methods one may compute a lower limit of discharge and 
concentration which would maintain particles of a given size in suspension, 
but the result would be greatly affected by the temperature. If the incom- 
ing stream is colder than the water in the reservoir, capacity for maintaining 
particles in suspension is increased both because of the increased density 
of the water and the decreased settling velocity of the particles. If the in- 
flow is warmer, the capacity for suspension is reduced and this effect may 
account for the absence of turbid outflow during the high-water period of 
May and June. 

It is to be hoped that this paper will arouse sufficient interest among 
those concerned with reservoir operation that information will be obtained 
to form the basis of a general theory. It appears possible to develop a com- 
bination of theory and experiment which would permit computation of the 
flow of sediment through reservoirs with known inflow conditions, but to 
do so will require extensive field data. 
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JoHn C. Pacs,?? M. Am. Soo. ©. E. (by letter.)?2—Since the authors 
completed their paper, additional information has been obtained from field 
records and the observations of employees of the U. S. Bureau of Reclama- 
tion which may throw further light on this interesting phenomenon. 

Storage in, and controlled release of water from, Lake Mead was started 
on February 1, 1935. The water discharged from the reservoir through 
the tunnel at river grade was clear until February 15, when the water 
became muddy and did not clear until the following day. This occurred 
again on February 19 and from February 23 to February 25. In all 
instances, there were storms on the lower water-shed preceding the dis- 
charge of the turbid water. The silt content in the first two runs was 
light, being recorded as approximately 10000 ppm at the gaging station 
14 miles below the outlet. 

No measurements of silt content were taken for the third run, but 
samples were taken in the reservoir, just up stream from the inlet of the 
diversion tunnel, to determine the elevation of the silt-laden stratum. 
Sampling across the channel showed that this layer occupied the bottom 
of the original river channel, being about 2 ft in depth in the center. 
The surface of the stratum was level and was marked so definitely that 
a change of 6 in. in the elevation of the sampler changed the sample from 
clear to cocoa-colored. The dried silt from a sample taken about the middle 
point of this layer amounted to about one-fourth in volume of the total 
sample. At the time of this “third occurrence, a streak of muddy water, 
visible on the surface, extended through the center of the reservoir for 
approximately 8 miles below Boulder Canyon, clear water appearing on 
both sides. Undoubtedly, it extended a greater distance, but was not 
visible. Boulder Canyon is 20 miles up stream from the dam. ; 

Turbid water again flowed from the reservoir on March 24 and April 
21. The temperatures of the water at the outlet of the tunnel increased 
from 52° F to 63° F during this period. The silt content varied from 
about 3100 to 11400 ppm, measured at the rating station below the dam 
and checked closely with the silt measurements taken at Willow Beach. 
Nine samples were taken at different depths for each reading. The silt 
content was found to be uniform for all samples, indicating that a thorough 
mixing occurred at the outlet gates. Previous to the passage of the water 
through these gates, and under similar conditions of silt load in the river, 
the silt content of the surface sample was about 78%;. and the middle 
sample 85% of the bottom sample. 

No measurements were made during the turbid releases in September 
and October, 1935, or from April 22 to May 1, 1936. Water was being 
released both from the bottom. of the reservoir and through the gate- 
opening in the base of one of the intake towers 260 ft above the old stream 
bed during the April-May period. No turbid water came from the Arizona 
canyon wall outlet works which connected with the intake tower gate. 
The muddy water emerging from the low-level tunnel on the Nevada side 


2 Commr., U. S. Bureau of Reclamation, Washington, D. C. 
23a Received by the Secretary July 8, 1987. 
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and the clear water from the outlet works on the Arizona side did not mix 
completely until after they had passed the gaging station. During the 
period of this flow, the temperature of the water was 50° F from the 
bottom of the reservoir, 58° F from the outlet works, and 55 to 57° F at 
the gaging station. 

Recently, samples have been taken between the dam and the up-stream 
coffer-dam, and another set approximately 4000 ft up stream from the 
dam. The silt stratum near the dam has its surface at about Elevation 
650, whereas the silt surface farther up stream is about Elevation 695. 
The question has been raised concerning the possibility of silt flowing 
over the coffer-dam. The top of the up-stream coffer-dam is at Elevation 
720, the reservoir bottom at approximately Elevation 615 near the dam, 
and the bed of the old river channel about Elevation 640. It is possible 
that the surface of the silt stratum was at one time higher than the top 
of the coffer-dam and since that time has lowered, due to the settling of 
the silt when undisturbed. 

Temperature measurements recently taken near the dam at the time of 
the silt sampling show an abrupt rise of from 10° F to 20° F near Ele- 
vation 650. From this elevation downward the higher temperature is main- 
tained until the bottom is reached. Measurements of specific gravity and 
electrical conductivity also show pronounced increases near Elevation 650. 
A brief summary of these data is given in Table 4. 


TABLE 4.—Cuaracteristics oF WaTEerS oF Lake Mrap Mipway Brerwren 
Up-Srream Intake Towers, May 21, 1987. 


Elevation, in feet, ‘ Temperature, Conductivity 
above mean Clarity in degrees (oh Specific gravity 
sea level Fahrenheit reciprocal) 
1 066* Clear 65.7 0.00128 1.0010 
690 Clear 48.5 0.00141 1.0013 
665 Clear 48.4 0.00141 0.0014 
655 Clear 50.1 0.00142 1.0014 
640 Muddy 60.1 0.00166 1.1732 
620 Muddy 63.5 0.00161 1.1787 
* Surface 


Although there is not sufficient information available to arrive at definite 
conclusions concerning the phenomenon, it is evident that, under certain 
conditions, silt-laden water will pass through a reservoir without inter- 
mingling, although the length of the reservoir is as much as 100 miles. 
The silt that passes through Lake Mead is colloidal in character and 
differs greatly from the type normally carried by the stream. Under 
normal conditions the silt is abrasive, dark in color, and so heavy that 
98% of it will settle out in a 2-hr period. The silt that has passed 
through the reservoir has a clay-like consistency, is lighter in color, and 
is difficult to remove from the water even by filtering. It is the writer’s 
opinion that this lighter material comes from localities where the soil is 
predominantly clay and contains a high percentage of salts. The material 
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is ‘carried to the river, generally, by cloudbursts. Its ability to pass 
through the reservoir seems to be derived from its colloidal and chemical 
characteristics. 
; The abrupt change in temperature at Elevation 650 in the waters near 
the dam may be due to the silt stratum, but the increased temperature is 
possibly due to the presence of warm springs. These springs, having a 
temperature as high as 130° F, were encountered in the canyon during 
construction. The heavy layer of colloidal clay in suspension may have 
an insulating effect which tends to delay rapid temperature diffusion. 


JoHN H. Buiss,?4 Assoc. M. Am. Soc. C. E. (by letter).24«—The pas- 
sage of silty water through a reservoir of clear water in a more or less 
definite stratum, with little diffusion of the two, is a phenomenon which 
has not received much attention but which merits considerable study. 
Messrs. Grover and Howard have presented a very interesting paper on its 
occurrence through the waters of Lake Mead, and have suggested the pos- 
sibility of utilizing such phenomena to reduce silt accumulations within 
the storage area of reservoirs. 

Since its completion in 1915, there have been frequent passages of silt 
through the Elephant Butte Reservoir of the Rio Grande Project, in New 
Mexico, most of them occurring in the summer and fall when the flow of 
the Rio Grande was comparatively low and the torrential discharge of 
tributaries above the reservoir was relatively great. 

The silt-laden waters that seem to be chiefly responsible for this phe- 
nomenon are contributed by two large intermittent tributaries, namely, the 
Rio Puerco, which drains an area of about 5000 sq miles on the west side 
of the Rio Grande and empties into it about 45 miles above the head of 
the reservoir; and the Rio Salado, which drains an area of about 1500 sq 
miles also west of the river and enters a few miles below the Rio Puerco. 
As their names imply (“ Puerco” meaning “soiled” or “dirty,” and 
“Salado” meaning “salty ”), both streams carry extremely silty water of 
high saline content during periods of run-off. Analyses of the waters of 
the Rio Grande at the San Marcial Gaging Station at the head of the 
reservoir indicate that these tributaries may carry 150 tons or more of silt 
and a concentration of total dissolved salts of more than 3 tons per acre-ft 
of water discharged. It is interesting to note that these two streams, par- 
ticularly the Puerco, have their sources immediately to the east of those 
arid regions drained by the Little Colorado River and the southern branches 
of the San Juan River, which latter streams the authors believed to be 
the chief contributors of the finely divided silt causing the turbid flows 
through Lake Mead. In this connection the authors’ reference to silt pas- 
sage through the Zuni Reservoir on the head-waters of the Little Colorado 
may also be cited. 

The phenomenon of the difficulty with which two waters of different 
density may unite is of rather common occurrence. Any one who has seen 


% Engr., State Engr.’s Office, Santa Fé, N. Mex. 
24a Received by the Secretary July 27, 1937. 
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a muddy torrential flow enter a stream of clear water has probably ob- 
served that the two flows may often be readily distinguished for considerable 
distances down stream. The San Acacia diversion dam of the Middle Rio 
Grande Conservancy District is constructed across the Rio Grande about 
two miles below the mouth of the Salado and ten miles below the Rio 
Puerco. The gate-tender at the dam has noted several instances when the 
flows of these tributaries have appeared at the dam practically unmixed 
with the main river discharge. On one occasion, the line of demarcation 
between the two flows was described as quite noticeable, being almost as — 
distinct as if they had been separated mechanically. It was further stated 
that such tributary waters might appear on the right, or entrance, side of 
the channel, or they might pass under the main stream and appear on the 
opposite side. 

Since 1931, officials of the Rio Grande Project and the Division of 
Western Irrigation Agriculture, of the Bureau of Plant Industry, U. S. 
Department of Agriculture, in co-operation, have obtained and made com- 
plete analyses of the waters of the Rio Grande at several stations, including 
San Marcial above the reservoir, Elephant Butte immediately below the 
dam, and Leasburg diversion dam about fifty miles below. Although the 
saline content of the water is the primary consideration in these analyses, 
incidental silt determinations have been made at the first two of these 
stations. Periodic sampling at these points, together with an endeavor of 
the U. S. Bureau of Reclamation to keep a daily record of all appreciable 
silt passages through the lake, provide the means of studying some of the 
details of these occurrences. L. R. Fiock, Project Superintendent, has 
records of turbid flows through the*reservoir for somewhat less than half 
the years since its construction. There is reason to believe, however, that 
there may have been other occasions when tributary waters have passed 
through the reservoir unobserved. At such times the quantity of silt car- 
ried may not have been sufficient to be noticeable, the clue to such passage 
being an increase in salt content of the water released from the reservoir. 

During the six years that complete analyses have been made of the 
waters passing Elephant Butte only five periods out. of more than twenty 
major tributary discharges were recorded as silt flows through the reservoir 
(see Table 5). However, as the sampling period was monthly (since 1924, 
weekly), the periods between the dates of sampling are long enough so that 
no records have been obtained during periods when silt flows of short dura- 
tion might. have passed through the gates. As an example, in 1931, monthly 
samples only were taken at Elephant Butte, except that in September a 
two-day flow of silt through the reservoir was recorded. During the latter 
part of September and October of that year there were at least four tribu- 
tary discharges which might have caused turbid discharge. At Leasburg 
Station, where eight samplings were taken during that period (silt. deter- 
minations not being made), all but one sample showed an increase in total 
dissolved salts carried. On October 12, the salt concentration of the water 
had increased 100%, the increase on other days of sampling being less 
marked, The data are not conclusive, because the discharge from the 
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TABLE 5.—Dara Recarping Trisurary DiscHarces to ELepHanr Burte 
Reservoir, 1931 to 1936 


(b) Recorps 


BELOW RESERVOIR 


—__—_____———__] Elephant Butte 


dates 


Remarks 


(a) San Marcran Recorp 
tN s reed 
ISCHARGE 
Dates Silt, in | Salt, in 
tons per | tons per 
acre-foot | acre-foot | Tn eubic |Percentage 
feet per of river 
second | discharge 
September 17-20, 

iO sas aeee 2.0 800 30 
September 25—Oc- 

tober 23,1931... * 

' 

July 13, 1932..... 1 800 45 
July 25-29, 1932.. 800 50 
August 18-22, 1932 1 500 75 
August 29-30, 1932 3 500 90 
June 18-25, 1933..| 48-124 | 0.98-1.83 3 800 65 
July—August, 1933. Three 

rises up 

to 2 000 
September 14, 1933 148 1.96 Peak of 

14 000 

August 28-29, 1934 6 500 100 
September 25-26, 

POSE RSet ee xe les 2 900 100 
August 4-6, 1935. . 84 2.20 3 400 55 
August 21-22, 1935 170 2.14 5 700 85 
August 30-31, 1935 130 1.85 43400 100 
September 27—30, 

MOD misrcioes ce tuctheis 71 1.54 2 300 60 
July-September, 

JOR Cn See Ore t 


August 1 


June 23-30 


August 9-10 


August 25-26 


October 5 


September 22-23 


Average silt, 55 tons 
per acre-ft.; salt, 1.42 
tons per acre-ft. (85 
tons per acre-ft., 
normal). 

No record at Elephant 
Butte except sample 
of October 5, which 
showed trace of silt 
and slight increase in 
salt content; increas- 
ed salt content at 
Leasburg through 
most of period (no 
silt record). 

No samples taken be- 
low dam. 

Trace of silt and slight 
salt increase record- 


ed. 

No samples below dam 
during period. 

No samples below 
dam; water clear at 
Elephant Butte, Sep- 


tember 5. 
Silt, 0-67 tons per 
acre-ft.; salt, 0.85- 


1.38 tons per acre-ft. 
(80 tons per acre-ft. 
normal). Increased 
salt content in water 
at Leasburg during 
period. 

No samples during 
period. 


No 


dam. 

Elephant Butte sam- 
pled September 1, 
and September 8; 
no record of silt pas- 


sage. 

Elephant Butte sam- 
pled September 29; 
no record of silt 
passage. 

Average silt, 55 tons 
per acre-ft.; average 
salt, 1.64 tons per 
acre-ft.; (0.75 ton per 
acre-ft., normal). 

Average silt, 21 tons 
per acre-ft.; average 
salt, 1.10 tons per 
acre-ft. (0.70 ton per 
acre-ft., normal). 

Not sampled below 
dam during period. 

Silt, 106 tons per acre- 
ft.; salt, 1.51 tons per 
acre-ft. (0.75 ton per 
acre-ft., normal). 

No published record of 
any silt or salt flows 
through reservoir 
during period. 


samples below 


* Three periods of flow—about 75% 
+ Four rises of from 1 000 


of total discharge of river. : 
to 5 000 cu ft per sec from Rio Puerco; those from Ri 


o Salado are unrecorded. 
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reservoir was sharply reduced about September 19 and stopped entirely on 
October 5, thereby changing considerably the regimen of flow at the Leas- 
burg Station; but the indications are that enough saline tributary flow 
found its way through the reservoir to increase the salt concentration of 
the water below the dam appreciably. Whether this water was silty or even 
murky is not recorded, but at least, there was not enough coloration so 
that turbid discharge was noted and silt samples were taken at the outlet 
gates. 

Since the discharges of the Salado and Puerco always involve increased 
salt as well as silt concentration of the river water, it is impossible to state 
to what extent each of these two factors contributes toward this phenomenon. 
As the authors have suggested, it is probable that, because of the greater 
quantity carried, silt has much the more pronounced effect of the two in 
increasing the specific gravity of the waters. There appear to be instances, 
however, in which flows have passed through Elephant Butte carrying in- 
creased quantities of salts and but very little or no silt. Although data 
are insufficient for proof, it seems probable in such cases that the silt 
gradually settles from the influent in its passage through the lake, leaving 
only the dissolved salts to maintain the increased density of the solution 
and pass through the gates. 

As Mr. Fiock?® has inferred, temperature apparently has little effect 
upon the specific gravity of the turbid influent. The average temperature 
of the waters near the bottom of Elephant Butte is about 57° F, whereas 
the average summer temperatures of the discharges into the reservoir are 
several degrees higher—in the 60’s or ‘70’s. The effect of temperature, 
therefore, must be slight in comparison with other factors, as its tendency 
is in a direction opposite to that of the observed phenomena. 

W. F. Resch, Project Hydrographer, has informed the writer that 
soundings were made during one period of silt passage which indicated that 
the flow beneath the clear waters of the reservoir followed a definite stratum 
with little mingling of the two layers. As the outlet gates are at the 
bottom of the dam, it is probable that the silt flows do occur on, or close 
to, the flow line through the lake. : 

The data, although not definite, indicate that it takes the turbid water 
four to five days to find its way through the reservoir, a length of 30 to 
35 miles, suggesting an average velocity. under water of 0.5 ft per sec, 
or less. 

The conclusions to be drawn from a study of the passage of silt through 
the Elephant Butte Reservoir would seem to be: (1) That any discharge 
into the reservoir whose waters are of sufficient density, due to very fine 
suspended silt (and also to salt), will potentially pass through it in an 
essentially unaltered condition; (2) those flows which are below this mini- 
mum will tend to pass through the lake, but will gradually lose their iden- 
tity and may or may not appear at the outlet gates; and (3) under certain 
conditions, discharges may find their way through the reservoir, progres- 
sively leaving their silt load behind, and may appear below the dam with 

*° Transactions Am. Geophysical Union, 1934, Pt. 2, p. 472. 
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only an increased salt content to mark their passage. These conclusions are 
tentative and are subject to confirmation by further investigation and study. 
_ They are substantially in .accord with the authors’ findings, however. The 

bearing of Conditions (2) and (3) upon the passage of appreciable quan- 
tities of silt through reservoirs is slight. 

The suggestion that, by proper attention to gate location and the ap- 
proach conditions thereto, turbid waters might be encouraged to pass through 
reservoirs and thereby reduce accumulations of silt within their high-water 
lines, is one which should receive considerable study. It is related to, and, 
must be investigated in conjunction with, the problem of silt conservation 
and the aggradation of stream channels. 

Tf a reservoir could be operated so that peak releases could be made 
whenever turbid waters were available at the outlet gates, considerable 
quantities of silt might be prevented from settling in the reservoir area. 
Under ordinary operating conditions, however, it is unlikely that enough 
change in releases could be made economically to remove much additional 
silt above that ordinarily carried through the gates. Furthermore, as no 
greater concentration of silt can be passed through a reservoir than appears 
in the influent above, the problem resolves itself into one of whether the 
inflowing water or the reservoir volume usurped by the deposited silt is the 
more valuable. Under certain conditions, the disposal of even part of the 
silt burden of a turbid stream behind retention or storage dams would seem 
to be advantageous, particularly in those arid Western States where’ con- 
sumption of large quantities of water for irrigation has resulted in the 
serious problem of rapidly aggrading stream channels which threaten the 
very existence of agriculture along their banks. 

A compilation of data pertaining to the quantity of water above and 
below Elephant Butte Reservoir since 1930, showing conditions at the time 
of appreciable tributary inflows to the reservoir, is given in Table 5. The 
data are not sufficient to show the sources of the rises, but those listed are 
believed to have come chiefly from the Rio Puerco and Rio Salado. The 
dates of such tributary flows, their average discharges in cubic feet per 
second, and their percentages to total river flows as listed, are approximate 
values for comparative purposes only, the discharges being so variable and 
the time element so uncertain that exact figures are difficult to obtain. The 
data from which comparisons may be made of changes in silt and salt 
quantities in their passage through the reservoir are not good, either, be- 
cause of the extreme variations of these quantities during the various stages 
of tributary flow. The need for additional and more definite information 


is evident. 


B. H. Monts, Esq (by letter).*°*—The failure of fluids of different 
densities to mix when flowing in contact with each other at appreciable 
relative velocities has been recognized as a problem for many years, but 
it is only comparatively recently that active interest has been shown in the 


md : ., National Bureau of Standards, U. S. Dept. of Commerce, Washington, 
(Oe jae of discussion approved by the Director, National Bureau of Standards, 


D. 
U. S. Dept. of Commerce. 
26a Received by the Secretary July 30, 1937. 
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one 


phenomenon. This is particularly true in the field of applied hydraulics. © 


The authors of this paper are to be commended on a clear presentation of 
carefully collected data. Workers in fluid dynamics have made mathe- 
matical analyses of the stability of streams of superposed fluids of different 
densities, and it was along the lines suggested by one of these analyses that 
the writer attempted a study of the data presented in this paper. 

As a criterion of mixing between any two superposed fluids of different 
densities, when the density and velocity vary continuously from one fluid 
to the other, L. Prandtl?” has given the expression: 


in which 6 = a dimensionless coefficient which exceeds a certain value when 
no mixing occurs; i = the density gradient between the fluids; a = the 
velocity gradient between the fluids; p = the density of the fluid at that 
element at which dp and du are taken; and, g = the acceleration due to 
gravity. 

This criterion cannot be applied directly to the problem at hand, since 
the density and velocity gradients are not obtainable from the data. Hence, 
it is necessary to modify the criterion so that it will be expressed in terms of 
observed quantities. Linear velocity and density gradients were assumed 
over some characteristic (but unspecified) length, Z, obtaining instead of 
Equation (2), the expression, 


oe mean Les) 
Dera Os cori sath Gisele oc (3) 
or, modifying the criterion by the factor, — 3, 
esp 
— i p 2 ef.S pple We. ebe, 9) 4 -€).0) 50s eile ue. ase) iaeeeseant (4) 


in which U is the mean relative velocity between the two fluids and Ap is 
the difference in density between the current and the still water. Equation 
(4) will be recognized as the product of a Froude number and a density ratio, 
two familiar dimensionless quantities. 

Since Z is not determinable from the data, it was postulated that it is 
some dimension similar to Prandtl’s ‘‘mixing path”, or the distance through 
which a particle of fluid moves into the surrounding fluid when effecting a 
transfer of energy, and that this distance is dependent on the mean velocity, 
U, of the current, and the kinematic viscosity, v, of the liquid composing 


the current, as follows: L ~ Bet or, 


7“ Einfluss stabilisierende Krifte auf die Turbulenz”, von L = 
dem Gebiete der Aerodynamik und verwandter Gebiete, p. ‘F Anchén® Toa! Ades ay 
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in which & is a numerical constant. This expression merely amounts to 
assuming that the Reynolds number for this phenomenon is constant. Sub- 
stituting Equation (5) for L in Equation (4) and again absorbing the con- 
stant in 6: 


in which Ap = the density difference between the stream and the still 
water in the reservoir; p = the density of the lighter liquid (reservoir water) ; 
and, v = the kinematic viscosity of the lighter liquid. 

Again taking advantage of the fact that all observations were made in 
the same reservoir and on the same liquids, Equation (6) can be further 
‘simplified by absorbing the constant quantities, g and », in the constant. 
Recognizing that any particle which is entirely borne, surrounded, and sup- 
ported by a liquid over the range of action studied should be considered a 


part of that liquid and as affecting the properties of that liquid, 7 could 


be computed from the data given, but it is sufficient to note that this ratio 
is expressed with sufficient accuracy over the range of values of n considered 


. A 
by the expression, a n, OF, 


in which n = the silt load, in percentage by weight, of the total sample; 
and k. = a numerical constant. This leaves only U to be converted into 
the form of some quantity given in the data studied. 

In any given channel, U will be dependent on the flow, the exact pro- 
portionality being unknown, but unimportant for immediate purposes, since 
the order in-which the values of the final criterion and of the critical number 
arrange themselves will be unchanged by any relation that may logically 
be assumed. As a matter of convenience, the relation was assumed that 
would hold if the flow were in accordance with the Froude law, Q ~ U; or, 


in which Q is the flow of the river, in cubic feet per second; and k; is a nu- 
merical constant. Substituting Equations (7) and (8) in Equation (6) 
(absorbing the constants, ke and ks in Oe 


in which C is a numerical criterion of mixing. 

Ten peak flows were selected from Fig. 2 of the paper and C was com- 
puted by Equation (9). The results are given in Table 6. It will be noted 
that whenever there was a silt flow through the reservoir, C was greater 
than 200 X 10-*, and, in each case, when there was a peak flow at Grand 
Canyon which was not followed by a silt flow through the reservoir, C was 


: 
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less than 140 X 107%. Thus, the critical value of C for the reservoir con- 
dition in 1935 was between these values. The critical value of C for the 
final conditions of a full reservoir, or for some other reservoir, will not neces- 
sarily lie between these same limits, but the same form of criterion will hold. 


TABLE 6. 
’ ny, Tin ’ n, Un- 
flow at | percent- ia stad a cp ago mixed 
Date iene pase current Date Caron silt CX<106 phat < 
(1935) in cubie carried at Cc 108 kesongh (1935) in cubie |carried at : Tinks 


feet per | Grand feet per | Grand M 
sasond Canyon Mead second | Canyon ead 


(1) (2) (3) (4) (5) (1) (2) (3) (4) (S) 


March 18. 7 440 1.72 230 Yes June. 16 vis 102 000 1.09 10.7 No 
April 11...| 15 800 3.16 200 Yes August 6.... 13 000 1.82 140 No 
May 18...| 25100 1.52 60.6 No August 26... 13 000 4.81 370 Yes 
May 24...] 31600 1.48 46.9 No September 4 13 000 5.02 386 Yes 
June 2....| 50200 1.90 37.8 No October 1...} 17 700 5.09 288 Yes 


An analysis of recorded silt flows through Elephant Butte Reservoir, 
New Mexico, for 1919, 1923, 1927, 1929, 1931, 1933, and 1935 shows that the 
same form of criterion applied to that reservoir for each of these years ex- 
cept 1929. The critical value of C found for this reservoir is approximately 
twice that found for Lake Mead. The cause of this discrepancy is being 
made the subject of further study, but undoubtedly this difference is due 
in part to the different sizes and settling rates of the silt particles entering 
the two reservoirs. A river that carries a large percentage of fines in its 
silt load would not drop as much’ of its load on entering a reservoir as one 
carrying a smaller percentage of fines and, hence, would maintain a density 
great enough to cause a silt flow through the reservoir with a comparatively 
small total silt load. 

The criterion as used is dimensional and is not unique, and, therefore, 
is not a true criterion in the strictest sense; nevertheless, it is felt that the 


significance shown by the ratio, rf in the cases tested is not entirely 


fortuitous. 

As the bottom gates of Boulder Dam are now closed and, in all prob- 
ability, the quantities of water discharged will never be great enough to 
raise the silty water to the outlet towers in easily detectable quantities, it 
would be necessary to detect a silt flow through the reservoir in some other 
manner, and there is no reason to believe that such flows will not occur in 
the future, the muddy water forming a submerged pool near the dam. This 
might be done by lowering a photo-electric turbidimeter unit into the reser- 
voir or (as most silt flows through a reservoir occur in the summer, when 
the river water is warmer than the bottom reservoir water) by lowering a 
resistance thermometer. If it was desired to study the application of 
Prandtl’s theory of flow as quoted, or some of the similar theories, it would 
be necessary to make velocity and density determinations over cross-sec- 
tions of the current and the immediately surrounding reservoir. Since, to 
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- the best of the writer’s knowledge, no device has been developed for indi- 
cating on the surface the density of water at any considerable depth, it is 
necessary to resort to sampling for density determinations, which would 
allow analyses to be made to determine what caused the density difference 
and from what tributary or part of the system the contributing causes arose. 

The whole forms an interesting problem. Any possibility of increasing 
the life of a reservoir by training silt flows through it must certainly wait on 
a fuller understanding of the phenomenon, an understanding to be obtained 
only by careful observation and study of such phenomena whenever and 
wherever they occur. Theories and laboratory studies must be substanti- 
ated by field data before full reliance can be placed on them. 

The authors mention the flow of unmixed or of partly mixed river water 
through Lake Mead. This is entirely in accordance with theory. As may 
be seen from Equation (2) the vertical distance, y, over which density and 
velocity gradate, may have any value from nearly zero to infinity. Con- 
ditions might exist in which a stable current would be accelerated, causing 
mixing until the relations of a and were such that stability was 
again reached. After such acceleration and mixing, stable conditions might 
not be reached a second time, and one would have the case of a silt flow 
through part of the reservoir followed by mixing and eventual deposition 
at an intermediate point between the river and the dam. 

The author’s estimate of the silt carried through Lake Mead by the re- 
corded flows is conservative. Experiments made at the National Bureau 
of Standards’ show that clear water will scour a sand bed faster than water 
carrying fine silt, due to the cementing action on the bed material of the 
- fine particles carried in the turbid water. The method used by the authors 
of subtracting the load scoured from the river bed below the dam from the 
total load carried by the silty water gives results which are low by an appre- 
ciable amount. 


28“ Hxperimental Study of the Scour of a Sandy River Bed by Clear and Muddy 
Water”, by Chilton A. Wright, M. Am. Soc. C. BH., Research Paper No. 907, Journal of 
Research, National Bureau of Standards, Vol. 17, No. 2, August, 1936. 
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FLOOD PROTECTION DATA 
PROGRESS REPORT OF THE COMMITTEE 


Discussion 
By MEssrs. JOHN C. HoyT, AND H. K. BARROWS 


Joun ©. Hoyvr,? M. Am. Soo. OC. E. (by letter).77—This progress report 
presents in an especially concise and clear manner many basic conditions 
relative to floods and the studies necessary in connection with them. As 
stated in the report, there is one point on which there is general agree- 
ment. That is “great floods have occurred as far back as historical data 
are available, * * *, and great floods will continue to recur in the future”. 

Among the various ways in which flood damage may be limited are: 
(1) The elimination from the flood areas of activities subject to damage; 
(2) the construction of levees; (3) the construction of impounding reser- 
voirs; (4) the protection of drainage areas by a vegetable cover, including 
forests; and (5) the protection of drainage areas by soil conservation 
methods. The effectiveness of these various methods varies; therefore, each 
should be studied and evaluated carefully. In general, however, the only 
sure protection against floods is Item (1), “the elimination from the flood 
areas of activities subject to damage”. <A study of aerial photographs of 
floods of 1936 and 1937 indicates that there are many overflowing areas in 
which damage can be eliminated by comparatively slight relocations of 
activities along the river channel. 

The continued development and occupancy of areas subject to floods 
invites future damage which is inevitable, and danger lines should be 
established below which additional activities should be discouraged or 
entered upon only at the owner’s risk. Many areas subject to flood damage 
could be condemned and bought (and thereby all future trouble eliminated) 
cheaper than flood protection works can be constructed and maintained. 


Notr.—The Progress Report of the Committee on Flood-Protection Data was pre- 
sented at the Annual Meeting, New York, N. Y., January 20, 1937, and published in March, 
1937, Proceedings. This discussion is printed in Proceedings in order that the views 
expressed may be brought before all members for further discussion of the report. 

7Cons. Hydr. Engr., U. S. Geological Survey, Washington, D. C. 

7a Received by the Secretary June 15, 1937. 
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By the Act authorizing the construction of certain public works, ete., 
approved June 22, 1936, the Federal Government under certain limitations 
and restrictions assumes responsibility in connection with the protection 
against flood damage. Under this Act, it can be assumed that encroach- 
ment can be continued and that the Government will assume the responsi- 
bilities for protective works. Governmental agencies provide for fire con- 
trol, safety of buildings, health control, ete. In this respect, however, 
building and other restrictions are set up and rigidly enforced. Restric- 
tions in regard to developments in the flooded areas which will be subject 
to destruction should also be set up. The addition of such restrictions in 
connection with the Flood Control Act should be considered. At any rate, 
the Federal Government should establish, in the various areas along streams 
subject to floods, zones in which flood risks are known to exist. 

In connection with flood projects, the possibility of eliminating activi- 
ties from the danger zone should be considered in connection with other 
methods of protection. To date, very little has been said or done along 
this line. 4 

The Committee’s report calls attention to the matter of continuation of 
collection and publication of flood data. For nearly half a century the 
U. S. Geological Survey has been charged with the collection and publica- 
tion of data in regard to stream flow, including records of stage. The 
records collected are made available by the Survey and form the principal 
basis not only for flood, but also for other, studies having to do with 
streams. The policy of the Survey has been, as far as facilities have been 
made available, to obtain all required data. Unfortunately, on account of 
inadequate financing, much needed information has not been collected. 
The Survey, however, has not only the Congressional authority for doing 
the work, but has an organization which includes thirty-eight field offices, 
one for practically every State. With adequate financing, all required 
information can readily be made available. The data that have been 
collected have been important factors in connection with the design of 
flood-control projects as well as other hydraulic works. 


H. K. Barrows,® M. Am. Soc. C. E. (by letter).8s—The writer agrees 
with the Committee in its reiteration of its prior suggestions? relative to 
the continuation of the collection and publication of flood data; the mak- 
ing of an inventory of earlier great floods as far as practicable; and the 
making of a study of cloudburst floods. These are all desirable objectives. 
The future publication of flood data by the Federal Government in 
pamphlet form, with reference to river basins, is in accord with procedure 
by the U. S. Geological Survey and should be followed in general by 
Federal agencies. 

The suggested campaign of education with reference to locating valuable 
property in flood zones is an important aspect of flood control to which 
more attention should be given. It is one practical method of reducing 


8 Prof., Hydr. Bng., Mass. Inst. Tech., and Cons. Engr., Boston, Mass. 
8a Received by the Secretary June 11, 1937. 
® Proceedings, Am. Soc, C, E., March, 1935, p. 339. 
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flood damages which is always within reach and no doubt: should often 
be followed. The suggestion of a committee “to make a study of the 
various methods of controlling floods, with particular reference to their 
physical and economic limitations ”, has apparently already borne fruit 
and has resulted in the appointment of the Committee on Flood Control, 
for this specific purpose. Such a foundation for all flood-control planning 
is badly needed at present—particularly in the framing of sound methods 
for the determination of flood damages, both direct and indirect, and of 
reasonable flood-protection values from such studies. The present situa- 
tion in this respect is chaotic, and its rationalization is a matter of the 
greatest importance in all flood-control project studies. 


Peter eonN SOCTEHET YOR CIVIL ENGINEERS 
Founded November 5, 1852 


DISC USSTON'S 


PRaAcile@Ale Usk: OF HORIZON PAL 
SEODELICOGCONTROL 


Discussion 


By MEssRs. PHILIP KISSAM, RALPH Z. KIRKPATRICK, E. B. 
ROBERTS, H. W. HEMPLE, J. C. CARPENTER, AND 
GEORGE D. WHITMORE 


Pur Kissam,? Assoc. M. Am. Soc. C. E. (by letter).2*—A most im- 
portant and basic conception has been presented by Mr. Sheldon. He has 
indicated the prime necessity of establishing the position of all horizontal 
survey points in relation to a single fundamental datum. This principle 
cannot be emphasized too strongly, and its general adoption at some time 
in the future is inevitable. All surveys will become in fact parts of one 
great survey and the inter-relationship between all survey points will be 
capable of quick determination. Although the advantages of such a con- 
dition are too many to enumerate herein, a moment’s thought will convince 
the reader that every effort should be made to attain this aim. As Mr. 
Sheldon states, “a comparable example is in the use of geodetic levels. 
Their advantages are instantly admitted and they are used whenever pos- 
sible, even where profile levels must be run for miles to base some project 
on the common sea-level datum.” A common vertical datum co-ordinates 
only one dimension, a common horizontal datum co-ordinates the other 
two. It appears to be obvious that far greater utility of a similar nature 
will be found in the use of a horizontal datum. 

Moreover, two indirect benefits will obtain when a,survey is placed on 
a horizontal datum. It will be usually necessary to connect it with two 
or more known control points. With such a connection a check on ac- 
curacy will be obtained and the precision of results can be raised by 
adjustment. Furthermore, the permanent marking of surveys will be 
encouraged, as it will be at once apparent to the engineer in charge that 
points of such a survey will have a lasting value and it will be well worth 


Notn.—The paper by R. C. Sheldon, Assoc. M. Am. Soc. C. B., was published in April, 
1937, ee res pomnis discussion is printed in Proceedings, in order that the views 
expressed may be brought before all members for further discussion of the paper. 


3 Associate Prof. of Civ. Eng., Princeton Univ., Princeton, N, J, 
8¢ Received by the Secretary June 12, 1937. 


while to place monuments at the stations and to record the descriptions 
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. 


and data relating to these monuments. The cumulative effect of monu- — 
menting surveys on a standard datum will further advance the acceptance — 


of the system. 

Mr. Sheldon’s description of the surveying methods in use in the Canal 
Zone illustrate pointedly the rapid adoption and the utility of such a 
system when it is known and available. He states that it has been used 
as a base for all surveying on canal construction since 1911, for control 
of part of the military maps, as a base for extending triangulation, for 
municipal construction, and for the boundaries of the Canal Zone and 
military and naval reservations. 

Without question, the standard datum that should be adopted is the 
North American Datum of 1927, as advocated by Mr. Sheldon; but the 
method of expressing positions appears to be open to question. Thus far, 
only two methods have been developed which offer the requisite charac- 
teristics; both have sufficient advantages in their favor to merit careful 
consideration. Mr. Sheldon advocates the use of geographic positions. The 
U. S. Coast and Geodetic Survey advocates State plane co-ordinate sys- 
tems based on definite projections especially adapted for the purpose. 
Such projections have already been designed by that Bureau for every 
State and in many States they are already in use. 

Geographic positions must be computed in either case for the funda- 
mental first and second-order triangulation; but with the adoption of 
standard plane co-ordinate systems, the plane co-ordinates of any geo- 
graphic position can be computed according to the plane system existing 
in the area. Likewise, the plane or “grid” azimuth can be compute 
from the geodetic azimuth at any known position. 

Although Mr. Sheldon’s arguments advocating the use of geographic 
positions are sound, the arguments he has chosen against plane co-ordinate 
systems seem to the writer to be valid only when local co-ordinate systems 
are considered. State-wide systems have not been carefully weighed; in 
fact, they have been only mentioned by reference to Special Publication 
No. 198, of the U. S. Coast and Geodetic Survey (11).2 In most areas, 
these State systems will produce a higher degree of accuracy than the 
method proposed. Does not the proposed system require reduction from 
geographic positions to plane co-ordinates, computation by plane co-or- 
dinates, and, finally, reduction back to geographic positions with accom- 
panying loss of accuracy ? 

It may be stated justly that in many commercial surveys a high degree 
of accuracy is frequently not of major importance; but lack of precision 
is not the basic objection to the system proposed. There is a certain fact 
which has not been given sufficient consideration in Mr. Sheldon’s paper. 
It is a fact not susceptible of mathematical deduction nor scientific demon- 
stration. It was the reason which caused the U. S. Coast and Geodetic 
Survey, finally, to adopt plane co-ordinates after a long and careful study 
of the question. It was the basic argument that influenced the Federal 


* For references to figures in parentheses see Appendix I of the paper. 
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Board of Surveys and Maps to recommend the use of plane co-ordinates 
to its twenty-four member Federal mapping agencies. The fact is that 
engineers making surveys over a limited area or of low precision refuse to 
use geographic positions, and are entirely justified in so doing. 

To the writer it appears that the cause for this stand is not the lack 
of a simple geodetic manual, nor the lack of training received by engi- 
neers as students, nor any other cause that can be remedied. If a remedy 
were available, the writer would recommend plane co-ordinates for the 
present and geographic co-ordinates for the future, because it would take 
so many years to change the thought in the engineering schools and in the 
profession that the general adoption of a common datum might be en- 
dangered. Mr. Sheldon describes in especially clear and forceful para- 
graphs, and carefully prepared tables, the simplicity of a certain system 
of ‘geodetic reduction for small surveys or for surveys of the usual com- 
mercial: precision. The recommended system can be criticized only for 
its lack of accuracy. His suggestions could not be better chosen as guides 
to develop the proper attitude toward geodetic reduction. If the writer 
could convince himself that geographic positions should be used for the 
type of surveys under discussion (very large precise surveys must usually 
be reduced by geodetic methods), he would still recommend the use of 
plane co-ordinates if only as a stepping stone to the later adoption of 
geographic positions. 

Unfortunately, however, the increase in cost necessitated by the use 
of geographic positions precludes their adoption for commercial purposes. 
If the engineer can be shown that he will receive concrete advantages by 
using a standard datum, he may be persuaded to extend his survey to 
control monuments; but the extra advantages to him of expressing the 
stations of his survey in terms of geographic positions instead of plane 
co-ordinates are so limited, if existing at all, that it is impossible to 
justify any of the necessary increase in computing costs. 

The State plane co-ordinate systems advocated are considerably better 
than the local systems mentioned by Mr. Sheldon. The State systems are 
based. on carefully devised projections; in general they have a minimum 
dimension of about 180 miles, a maximum dimension frequently equal to 
the largest dimension of the State, and a maximum seale correction of 
one part in ten thousand. Tt appears that only a small percentage of 
engineers making ordinary surveys would be required to work in an area 
where such systems adjoined, and those few who might have to do so could 
utilize one of the systems throughout their survey. One of the great uses 
for a standard datum will be for the description of property. In fact 
it is the writer’s hope that the demand for control for property surveys 
will be so great that it will ensure sufficient control for all surveys. It will 
be only the greatest exception when a property survey will cross from 
one State system to another. The boundaries of the systems have been” 
especially arranged to reduce further the possibilities of this occurrence. 

In conclusion, it is well to emphasize the fact that Mr. Sheldon has 
presented an important and timely paper, worthy of the careful study of 
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all civil engineers. He shows the importance of a universal horizontal 
datum and directs attention to the simplicity of geodetic reduction for 
ordinary surveys. However, in spite of offense to the mathematical sense 
that plane co-ordinates invariably produce and also in spite of the diffi- 
culties encountered when two such systems join, the accuracy and prac- 
tical advantages they offer make them invaluable as a means of establish- 
ing the use of a universal horizontal datum and are probably the best 
method of utilizing such a datum in any Case. 

The question at issue could be stated as follows: Is the increased 
cost to the private surveyor, of computing geodetic positions for “ yun-of- 
the-mill ” surveys, justified by the elimination of the errors and difficulties 
which may occur at the infrequent boundaries of adjoining plane co- 
ordinate systems? The writer believes that the cost is not justified. 


Rates Z. Kirxparrick,t Ese. (by letter).4¢—After having had an initia- 
tory part in its development, the writer inherited, administratively, the 
horizontal geodetic control system in the Canal Zone, which is described 
accurately in Mr. Sheldon’s paper. 

In any work of sufficient importance the method is likely to warrant 
the expense of the requisite secondary and tertiary triangulation and tra- 
verses. An interesting application was in the 1911-12 rectangular Canal 
Zone Land Survey, a sectionalization of lands into 2-km squares. Unfor- 
tunately, when 40% of the intersections had been determined in the field, 
the project was abandoned due to the adoption of the then new military 
policy of nationalizing all lands and expropriating by purchase all settlers’ 
lands, crops, and improvements. 

The flexibility of the system has caused its use in the Canal Zone in 
virtually all city, cadastral, and topographical surveying (such as the 
Madden Road and Dam project), whether in the jungle or elsewhere, by 
the Army, Navy, and the Canal Administration. An interesting and early 
adaptation was in determining the errors in boundaries of certain Colombian 
rectangular land grants owned by the Panama Railroad Company. The 
lines had been run by magnetic bearings and measured inaccurately. 
Studies of the old documents were made and certain long-time accepted 
boundary points were tied into the geodetic control, and new controlled 
traverses were run through the accepted points. Eventually, a position 
was found for “Point A” (the initial point of beginning in the descrip- 
tions of the 1855 grants), for which all conditions were met. It was then 
learned that a mile-post (mentioned in the description), had been moved 
many years before. Comparison of the true azimuths through certain of 
these points revealed a compass variation of 7° 14’ east, virtually checking 
the variation (7° 15’) on the 1855 map; with that checked, the steps in 
correcting the boundaries in the field became mere routine. 


*Chf. of Surveys, Panama Canal, Balboa Heights, Canal Zone. 
‘a Received by the Secretary June 14, 1987, 
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E. B. Roperrs,> Assoc. M. Am. Soc. C. E. (by letter).22—A problem 
is treated in this paper which is vital to surveying and mapping pro- 
grams—a problem, therefore, the economic importance of which can 
searcely be over-emphasized. The author is heartily endorsed in his plea 
for general use of geodetic control in the co-ordination of surveys. It 
is thought that this principle has the support of most informed engineers, 
and that the problem, therefore, is one of means to its end. The means 
advocated in this paper are open to strong criticism. 

Because of its scope, the national geodetic datum is computed and 
defined in terms of geodetic co-ordinates. The reference surface being a 
spheroid, the azimuthal and distance relations of points on the surface 
cannot be determined by plane geometry. Geodetic computation of posi- 
tions is necessary, as well as other special treatment. Triangulation of 
any magnitude does not achieve full value unless adjusted by least squares. 
The checking of geodetic and astronomic determinations in horizontal 
control surveys involves highly technical problems, and the differences are 
not always small, as stated by Mr. Sheldon. 

These considerations are not pertinent to the problem, however, because 
the establishment of the national datum, and the performance of control 
surveys on a scope demanding geodetic treatment, are provided for by 
competent Federal and State organizations. The problem is how prac- 
ticably to handle local surveys, mainly traverses, so they may be defined 
in terms of, or relative to, the national datum, a sufficient number of 
control points on that datum being presupposed to be available. Three 
possible methods are: 


(1) Use of geodetic co-ordinates and pure geodetic computations ; 

(2) Use of geodetic co-ordinates and plane survey computations; and 

(3) Use of rectangular co-ordinates on an arbitrary reference plane 
related to the national geodetic datum. 


Method (1).—This method appeals to the geodesist because of its tech- 
nical perfection. It is true that geodetic position computation in itself 
is simple enough to be understood by competent surveyors. It is the only 
form of geodetic computation that would be indicated in general for local 
surveys. Its use, however, for the computation of points through the 
mass of traverses comprising ordinary surveying would be laborious and 
generally unwarranted in view of the development of Method (3). For 
this reason Method (1) is difficult to popularize. 

Method (2).—After stressing the technical unsoundness of plane co- 
ordinate surveys and the simplicity of geodetic position computation, the 
author tacitly acknowledges the laboriousness of geodetic position compu- 
tations for traverse work, and proceeds to advocate Method (2). Its ad- 
vantages are the use of the geodetic datum, and simplicity, with no 
laborious computations, and no artifice, such as a plane co-ordinate grid. 
Tts shortcomings in the matter of accuracy are serious. 


5 Hydrographic and Geodetic Engr., U. 8. Coast and Geodetic Survey, Washington, 


Dic: 
5a Received by the Secretary June 17, 1937. 
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It involves linear adjustment of azimuth discrepancies and position — 


closure errors in traverses between geodetic control points. Geodetic cor- 
rections are grouped with accidental errors for adjustment. This is il- 
logical, because the geodetic corrections have no linear characteristics ; 
that is, they have no accidental distribution. : 

Table 4 is an inadequate criterion of proportional errors, because it 
deals only with the special case of straight traverses. It is not an example 
of the worst condition ever likely to be encountered. Although it is true 
that most traverses would have better length distribution than this extreme 
example, it is also true that they would have poorer distribution of 
relative directions. In the straight traverse used as an example the linear 
distribution of closure errors tends to approximate the distribution of 
geodetic corrections. In a meandering or circuitous traverse this is not 
so. In the case of a traverse closing on its own starting point the algebraic 
sum of the geodetic corrections is zero, resulting in their complete dis- 
regard by the linear adjustment. A moment’s consideration makes it clear 
that Table 4 has no meaning for other than straight traverses. 

It is unnecessary to develop this reasoning further. Even if the pro- 
portional errors shown by Table 4 were critical, they would still be too 
large for acceptance for common use in the United States; in fact, they 
are greatly in excess of those found in modern plane co-ordinate projections. 

Method (8).—In plane co-ordinates, linear traverse adjustments con- 
cern only accidental errors and, in this case, are logical. Position com- 
putational methods are technically rigorous. The source of error lies in 
the impossibility of correctly representing a spheroidal surface on a plane 
surface. The error, however, is definitely known, and can be kept small. 

The Lambert and Transverse Mercator grids established for the various 
States by the U. S. Coast and Geodetic Survey make geodetic ‘control 
available for use on plane rectangular co-ordinate projections the maximum 
scale errors of which are kept within satisfactory limits. As an example, 
the entire State of North Carolina was covered by a single projection, 
only at the very extremities of which did the scale error become slightly 
greater than 1:10000. Obviously, throughout the greater part of the State 
the errors are much smaller. Even so, the scale error, everywhere, is 
known and readily corrected if necessary. 

Admittedly an artifice, and an indirect approach to the problem, such 
a projection nevertheless is finding ready acceptance. It leaves to com- 
petent organizations the performance and computation of necessary geo- 
detic surveys, and the definition of the control points in terms of the 
projection. The local surveyor has nothing new, either to learn or to do, 
but to accept a ready-made grid instead of a local, unrelated grid of his 


own. All the control points will eventually be on it, and his work will 


be that of plane survey computation in its simplest form. Nevertheless, 

it will be on the national datum. 

‘ From the foregoing it is argued that plane surveying is definitely not 
out of date.” It is, in fact, finding wider use in connection with the 


- 
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projections described, and bringing the use of geodetic control more and 
more “into the picture.” 


vs H. W. Hemprz,* M. Am. Soo. C. E. (by letter).°*—Geodetic control 
a expressed on a geographic base has no superior when accurate methods 
of measurement, and exact methods of computation, are used. Mr. Sheldon 
is to be commended for endorsing it for local surveying purposes. How- 
ever, he uses an approximate method of computing whereby plane survey- 
3 ing methods are applied to a geographical base, and the resulting data 
- are expressed in terms of geographical positions. His field of activity 
is in the vicinity of the equator, and, therefore, he is able to do this 
without undue violence, because of the small rate of convergence of 
meridians, and because the area covered by his surveys is of limited extent. 
Since he can do this, the author immediately assumes the premise that 
such a method should be generally adopted throughout the United States, 
_ and concludes that there is no need for the adoption of the plane co-ordi- 
- nate systems such as have been devised recently by the U. S. Coast and 
- Geodetic Survey for each of the States. 

The term, “errors,” is used rather loosely in the paper. To develop 
the spheroid representing the earth’s surface on a plane it is necessary to 
apply certain mathematical corrections which are definitely known. These 

 eorrections can be applied to measurements made on the earth’s surface, 
cis in order to relate them to the plane, and they are not errors in the sense 
of mistakes, blunders, or personal peculiarities of the observer, which apply 
to surveying observations. Mr. Sheldon considers these corrections, which 
are mathematically determined, in the same sense as errors of observation. 
Table 3, entitled “Maximum Error Possible,” purports to show the 
greatest possible errors which would occur for traverses computed by his 
method. Table 3 is misleading, however, because traverses do not usually 
extend in a straight line, but consist of a number of broken courses. 
He applies a correction for azimuth closures equally to all such courses. 
In this correction is included the effect of convergence of the meridians. 
-_ his effect is a variable quantity, depending for any given latitude upon 
- the length of line and its direction. In any given latitude, and for lines 
of equal length, it should be applied as a maximum to lines in an east- 
and-west direction, and as a minimum of no correction to lines extending 
north and south. On a line which bears eastward the convergence should 

be positive, and on a line which bears westward, it should be negative. 

Mr. Sheldon, on the other hand, distributes this effect, which is included 
in the azimuth closure, equally on all lines, even to those running in a 
north-and-south direction and to those lying in different quadrants. These 
effects of the convergence of meridians are not always small, and for tra- 
verses covering some distance the discrepancy due to their non-considera- 
tion, is likely to be considerable. A little study shows that to adopt such 


6 Hydrographic and Geodetic Engr., U. §. Coast and Geodetic Survey, Washington, 
e) 


6a Received by the Secretary July 15, 1937. 
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a system with its attendant discrepancies generally throughout the United 
States will lead to endless confusion. 

To state that no consideration should be given to the convergence of 
meridians, because these effects are far overshadowed by the type of sur- 
veying accomplished and the accuracy obtained, is to take a rather limited 
viewpoint. Surveys of an accuracy of 1 part in 10 000, or better, are 
being executed by engineers and surveyors constantly, and work of this 
order of accuracy is not exceptional. Instrument manufacturers report 
that their greatest demand is now for 20” and 30” instruments, whereas 


several years ago the minute transit was most generally sold. This means — 


that the Engineering Profession is becoming alive to the utility and ease 
of execution of accurate surveys. Certainly as the land becomes more 
thickly populated, more accurate surveys will be a necessity, and this being 
the case, the surveying system accepted should be adapted to such needs. 

In advocating the method of computing advanced in this paper, Mr. 
Sheldon states that loop closures should be avoided, and that the courses 
should be of equal length. Why adopt a system of computation where 
restrictions such as these are placed upon the field work? Any computing 
system recommended should be adapted to the various conditions to be 
encountered in ordinary field operations. The terrain is not always such 
that courses of equal length can be obtained. It is not always possible 
to have triangulation stations conveniently located at the ends of a tra- 
verse, and it is frequently necessary to make a loop and close on the same 
station. Certainly, if the conditions of the field work are such as these, 
the work should not be hampered unnecessarily by restrictions imposed by 
the method of computation. 

_The writer has computed three actual traverses: (1) By the method 
advocated by Mr. Sheldon; (2) by the method of the State plane co- 
ordinate system; and (3), by geodetic methods (see Table 5). 


TABLE 5.—ComparativeE Accuracy oF Surveying Computing Merrnops. 


Tra- Length of (1) (2) (3) 
verse State Racine Criteria Method ad- | State plane Geo- 
No. in feck vocated by co-ordinate detic 
Mr. Sheldon system method 
1 Nebraska 80 700 Azimuth difference 9’-48/1.3, “0'-59 AOe 0’-64’".4 
Error of closure 1 to 4 000 1 to 11 700 1 to 11 700 
2 New Jersey 27 600 Azimuth difference 2’-14’'.4 0’-47'/.1 0’-49/.4 
Error of closure 1to7220 | 1to 12800 | 1 to 12 800 
3 Nebraska 69 000 Azimuth difference 7/-55/".2 0’-05'".7 0’-10’.3 
Error of closure 1 to 11300 | 1 to 30200 | 1 to 30 200 


These traverses were chosen at random. The field work was done in ac- 
cordance - with instructions for second-order surveys specifying an error 
of closure of 1 to 10000, or better. These results show that the State 
plane-co-ordinate systems and the geodetic methods of computing are rigid, 
and that the same field observations give the same closures. If third-order 
specifications for field work had been adopted, the results from the method 


a ee 


September, 1937 HEMPLE ON HORIZONTAL GEODETIC CONTROL 1433 


— advocated by Mr. Sheldon would give closures of less than 1 to 5000 and 
ee the work would not conform to third-order accuracy. For this method, also, 
it is impossible to determine, for any given traverse, what proportion of 
error is introduced by the method of computation, and what is due to the 
z field observations. If this method were adopted universally, and closures 
such as those illustrated were obtained for traverses between fixed triangu- 
_ lation stations, then lines run between stations established on different 
_ traverses, would be subject to large discrepancies, and the resulting con- 
_ fusion would be intolerable for any rigid control system. 
ms Tf an extensive system of triangulation is required, the geodetic methods 
of computation should be used. These computations are not especially 
difficult or involved, and should be readily understood by any graduate of 
an engineering: school, who has pursued the usual mathematical courses. 
_ The resulting data are expressed in terms of latitude and longitude. These 
— terms can be readily converted to the plane co-ordinate system adopted for 
the State, and on that projection any traverse can be computed with greater 
ease to any required degree of accuracy than would pertain to computa- 
tions of traverse by geodetic methods or by the method advocated by 
Mr. Sheldon. 

These State systems of plane co-ordinates were adopted at the urgent 
request of practical engineers who wished to make use of the advantages 
aceruing to their surveys through connection to the national net of geo- 
detic control, but wished the mathematics of relating their surveys to such 
points to be as simple as possible, consistent with attaining the accuracy 
desired. 

In devising the plane co-ordinate systems for the various States, two 
general forms of projection were used. For those States the greatest ex- 
tent of which is in an east-and-west direction, the Lambert conformal 
projection was adopted, and for those States lying mostly in a north-and- 
south direction, the transverse Mercator projection was used. The earth’s 
spheroid at sea level was developed on these projections for areas the 
extent of which was determined by the limiting scale factor necessary, to 
bring the sea-level surface to that of the plane. In most cases this limiting 
~ eorrection, or scale factor, was kept less than 1 part in 10000. This 
limitation necessitated more than one zone in most of the States. These 
scale factors vary according to the distance from lines of exact scale which, 
in the Lambert projection, consist of two standard parallels of latitude, 
and in the transverse Mercator projection of two lines on either side of 
the central meridian and parallel to it. For an area 158 miles in width, the 
maximum scale factor is less than 1 part in 10000. The scale factor 
varies as the distance from a line, and not from a point of origin, as 
stated by Mr. Sheldon. ; 

For any surveys within these zones which are connected to the national 
control net, and are expressed in terms of State plane co-ordinates, the 
distortion due to placing the surveys on the projection is, in most sae 
less than 1 part in 10000. Tf the scale factors are applied to the linear 
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measurements, which is not a difficult matter, then the limit of accuracy — 
is dependent almost solely upon the standards of ‘the field measurements. 

It is true that at the junctions of the plane co-ordinate systems, there 
is a jump from one zone to the other. To obviate any difficulties due to 
traverse lines extending from one zone to another, a sufficient overlap is 
provided at the junctions, so that any traverse may be placed on either 
one zone or the other. It is a simple matter to convert the co-ordinates 
of one zone to those of the other at the point of overlap. ‘ 

In making use of plane co-ordinate systems for the computation of 
traverse surveys, a connection is made at each end of the line to tri- 
angulation or traverse stations previously located on the national system 
of control surveys; or the traverse may be a loop and tie to the same 
initial point at the end of the survey. The positions of the stations to 
which connections are made are expressed in terms of x and y-co-ordinates 
with a grid azimuth to a definite point near-by, all on the plane co-ordinate 
system adopted for the State. The grid azimuth is carried through the 
traverse from the starting point to a closure at the station at the end 
of the traverse. The azimuth closure is then distributed equally among 
the angles of the traverse. The linear measurements are reduced to the 
horizontal, and if they are above about Elevation 500 they should also 
include the correction to reduce to sea level. If the maximum of accuracy 
is desired, the scale correction should also be applied. As previously stated, 
in most cases, this scale correction is less than 1 part in 10000 and may 
be ignored if the accuracy desired does not exceed that criterion. The 
survey is then adjusted by the method of “latitude and departure” which 
is so generally known to surveyors and engineers. 

The United States is not alone in the adoption of the plane co-ordinate 
systems for general surveying purposes. Such projections have long been 
in use in many European countries. Most of these countries are thickly 
settled and land values are high. Methods of a high degree of accuracy 
are required for property surveys. These countries have found a plane 
co-ordinate base adequate for their needs. Should not this country benefit 
by the experience of others? As the population of the United States be- 
comes greater and land prices increase, surveying standards pertaining to 
property must be on a higher plane than has generally prevailed to this 
time. Plane co-ordinate systems, mathematically determined and related 
to the spheroid, to which field surveys can be referred by utilization of the 
simple methods of plane surveying, are entirely logical and consistent, and 
furnish a simple and readily understood method to which engineers and 
surveyors may turn with confidence that the accuracy desired will be 
obtained. 

These systems are finding ready acceptance among engineers and sur- 
ees Two States—New Jersey and Pennsylvania—have already adopted 
aws legalizing the use of the State plane co-ordinate system for property 


a purposes. Several other States are also considering similar 
aws. 
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As to Mr. Sheldon’s conclusion that plane surveying is out of date, 


if by this statement he means relating surveys to a State plane co-ordinate 
' system, the writer takes issue with him. These systems are mathematically 


= logical, and the surveying data expressed thereon are consistent among 
- themselves. Surveyors need have no hesitancy in relating their surveys 


to such systems with assurance that, if the recommended methods of 


computing are followed, the accuracy of their data will be limited only by 


the standards of the field measurements. 


J. C. Carpenter,’ M. Am. Soc. C. E. (by letter).77—Any argument for’ 
the universal use of horizontal geodetic control should receive the unani- 
mous endorsement and active support of the entire Engineering Profession. 
This basic scheme for reference of surveys is the only satisfactory method, 


and its general adoption seems so logical that it is difficult to understand 


_ the indifference displayed by the majority of civil engineers. Before en- 


gineers can attain the objective of the universal use of horizontal geodetic 
control they must enlist, not only engineers, but administrators, executives, 
and legislators, in a campaign to promote the use of this extremely valuable 
datum of reference. Engineers are the only members of society who can 
be brought to realize the value of horizontal control, and the responsibility 
for this educational work will fall on the shoulders of a small group who 
are enthusiastically determined to carry the campaign to its logical con- 
clusion. Papers of the type presented by Mr. Sheldon are necessary to 
bring the subject to the attention of engineers throughout the country. 

Perhaps the “wish was father to the thought ” in Mr. Sheldon’s state- 
ments that the main triangulation net of the U. S. Coast and Geodetic 
Survey is nearing completion. About 65 000 miles have been completed in 
the field and partly computed and published. The final spacing of 25 miles 
between arcs, will require 117000 miles. Hence, the actual work is scarcely 
half finished. True, the projection of the remaining cross-traverses will be 
easier and less expensive, but there will be some work necessary on the 
older nets and a large volume of computation and adjustment required so 
that a conservative estimate places the project now (1937) at about 50% 
complete. The only way to complete the remainder of the work is an 
educational campaign among engineers, first of all, and an insistent de- 
mand from members of the profession for the completion of the net to a 
25-mile spacing. 

Similarly, Mr. Sheldon’s optimistic statement that some States have 
begun to tie their extensive highway surveys to the national net is ques- 
tioned. A large mileage in North Carolina has been tied to the network. 
Texas made a start on one survey but has never finished that one project 
and seems indifferent to the entire method. If the chief engineers of the 


forty-eight State Highway Departments of this country would spend enough 


the possibilities contingent upon the use of geodetic 


time on a study of Be 
and then give the scheme a fair trial in the 


control for highway surveys, 


7 Senior Highway Engr., U. §. Bureau of Public Roads, Fort Worth, Tex. 
ta Received by the Secretary August 2, 19387. 
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field, they would leave a permanent legacy of basic control for all planning 


i 


operations, all mapping procedure, cadastral surveys, and engineering sur- — 


veys of every character which would be as valuable as the transportation 
facilities they provide, and, undoubtedly, its permanency would be equal 
to, or in excess of, the surfaces now being constructed. Geodetic co- 
ordinates tied in to the equator and to Greenwich meridian, converted to 
x and y-co-ordinates for ready use by the most imcompetent land surveyor, 
spaced along the highways, monumented, and the co-ordinates stenciled in 
the monuments, will bring the use of this system to a practicable possibility. 

Mr. Sheldon has correctly stated the reasons engineers fail to use the 
network as a control, even if they find a monument within usable distance 
of their survey, but there is no excuse for the modern engineer to avoid 
the use of the control, for the Coast and Geodetic Survey has developed a 
simple and practical method of conversion from spherical to plane co- 
ordinates and when the x and y-values are known, it becomes a matter of 
the use of familiar latitude and departure surveying. O. S. Adams® has 
written a clear and convincing description of the procedure that has been 
developed by the Coast and Geodetic Survey for the engineers of the United 
States to use in making their surveys of permanent value. Mr. Sheldon 
has listed publications that may be consulted by interested surveyors. 
There are two very important publications of the Coast and Geodetie Sur- 
vey, which are not mentioned, namely, Special Publication No. 194, 
“Manual of Traverse Computation on the Lambert Grid,” and Special 
Publication No. 195, “ Manual of Traverse Computation on the Transverse 
Mercator Grid.” These excellent publications outline in clear and concise 
form the procedure to be followed in using plane co-ordinates. Every 
detail is covered and each possible problem is illustrated by examples. 
Plane co-ordinate tables for the State may be obtained from the Coast and 
Geodetic Survey and any engineer who may decide to use the Geodetic 
network can obtain complete information and detailed instructions from 
that agency. 

Mr. Sheldon has described the system in use on the Canal Zone and his 
description admirably illustrates the difficulties, probabilities of error, and 
complications in closure that may be expected when an isolated area is to 
be covered by a system of control. This is the best possible argument for 
the adoption of the plane co-ordinate control adopted by the Coast and 
Geodetic Survey for all surveys in the United States. This Canal Zone 
system of control is not suitable for general use in the United States. 
Without doubt, the national geodetic net will ultimately be used as a con- 
trol for all surveys, but the realization of this condition will be brought 
about through the use of the plane co-ordinate systems developed by the 
U. S. Coast and Geodetic Survey for all the States of the Union. Con- 
ee Ce eas sues 2 a Plane will provide simple, easily used 

; se ordinary surveying methods and the 
co-ordinates will be right-angle x and y-distances, in feet. When th 2 
cedure is so simple and easy to apply there is no ie. 

s excuse for any engineer 


8“ State-Wide Systems of Plane Co-Ordinates,” Civil Engineering, January, 1937 p. 33 
> - Dp: 33. 
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_ to become frightened and fail to take advantage of the control survey. 
With the completion of the triangulation system and publication of the 
- positions, together with the plane co-ordinates based on these new State 


systems, the adaptation of this system for all surveys will be very much 


- facilitated. 


Air-mapping has developed rapidly during the twenty years, 1917-87. 
No doubt many important improvements in methods and technique are just 
“in the offing.” There are numerous agencies operating throughout the 
United States and the pictures being obtained are undoubtedly superior to 
amy existing maps; but the horizontal control that is necessary to make 
these pictures display, accurately, the correct and true position of the 
topography is not in existence and there is some question as to the value 
of these pictures in the permanent mapping method for the entire country. 
Tt is a case of “the cart before the horse” and, in this instance, the cart 
may be found to be of limited value. 

The geodetic network must be completed by the agencies of the National 
Government. Its completion is the first important step in the development 
of a logical plan for mapping, planning, construction, and maintenance of 
public and private works. Engineers are competent to explain the immense 
value and vital necessity of this work and, therefore, the “ Practical Use 
of Horizontal Geodetic Control” warrants the attention of all members of 
the profession, and its application should be actively encouraged for all 
surveys. 


Grorce D. Wurrmorer,? M. Am. Soo. C. E. (by letter).®—The proposi- 
tion set forth by Mr. Sheldon, to compute all horizontal surveys on the 
spherical co-ordinate base, unquestionably has considerable merit. He con- 
vincingly urges engineers to use the ideal spherical co-ordinate basis for 
preserving survey results, and for rendering such results universally usable. 
It is believed, however, that the procedure he proposes js too far ahead of 
the times. Perhaps the end result which he describes could be better ac- 
complished by getting to it more gradually—by easy stages or steps. 

Many surveyors and engineers of the present time, for example, although 
understanding generally the mathematics and theoretical value of rec- - 
tangular co-ordinate systems as computing and plotting bases for survey 
results, nevertheless do not clearly realize all the every-day practical ad- 
vantages to be gained by using even this simple type of co-ordinate system. 
Hence, a majority of engineering surveys to-day are executed and used 
without benefit of any kind of a co-ordinate base—spberical or plane. From 
the standpoint of the engineers’ education, therefore, it might be preferable 
to stress, for a few years at least, the importance and advantages of any 
system of co-ordinates, rather than to try to plunge at once into full use 
of geographic co-ordinates. After all, the use of co-ordinates, whether they 
are spherical or rectangular, is only a means to an end. The primary pur- 
pose of any co-ordinate system is to show by a simple mathematical expres- 


°Chf., Surveys Section, Eng. Service Div., TVA, Chattanooga, Tenn. 
°a Received by the Secretary July 80, 1937. 
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sion the relationship of each point to all other points of the system. The 
units of measure used, whether feet, meters, or degrees of arc, are only a 
means of writing this expression. 

Most engineers appreciate the necessity for some kind of co-or- 
dinate basis in constructing maps covering large areas, especially if several 
map sheets are involved. If the maps cover extremely large areas, such as — 
a State, the necessity of spherical co-ordinates is not questioned. If the 
maps cover smaller areas, such as a city or county, the chances were, until 
quite recently, that the maps would have been based on some kind of a 
local plane co-ordinate system. Thus, in strictly mapping operations, the © 
need for a co-ordinate basis is not questioned. Either through inertia or 
lack of complete understanding, however, engineers have not as a body car- 
ried this same reasoning into their engineering surveys. It seems apparent 
to the writer that what is good practice for mapping is also good practice 
for surveying. 

Perhaps the principal reason why engineers have been slow in using co- 
ordinate systems in surveys is their realization of the shortcomings of local 
plane co-ordinate systems, so well explained by Mr. Sheldon. It so happens 
that there is now available, however, a type of plane co-ordinate system 
which overcomes many of the disadvantages of such local systems, but which 
retains many of their advantages. This is the State Plane Oo-Ordi- 
nate System developed and published for each State by the U. S. Coast 
and Geodetic Survey in 1934. So much has already been written regarding 
these State-wide plane co-ordinate systems that there is no need to repeat 
the descriptions herein. It might be stated in summary, however, that these 
systems extend over large areas without serious distortion in either distances 
or positions. Such distortion as does exist in distances or co-ordinates is 
exactly known from the relation between the spheroid and plane, and, 
hence, can be determined instantly in case more precise distances or posi- 
tions are reqired. These systems, on the other hand, have all the advantages 
of local plane co-ordinate systems in simple, easy computations. They have 
also the principal advantage of spherical co-ordinates in that they are re- 
lated directly to all the basic control surveys of the country; it is a matter 
of only a few moments of computing to convert plane co-ordinates to geo- 
graphic, and vice versa. 

Thus, it seems apparent that the State-wide plane co-ordinate systems, 
representing a nice compromise between the universal geographic and the 
local plane systems, will be the basis, if any, used by engineers in the com- 
putation of their surveys during the next several years. Regardless of the 
real merit of getting all surveys on the universal spherical base, it will take 
several years and much more propaganda than a few papers in the technical 
journals to convert engineers to the actual practice. 

The experience of the surveying organization of the Tennessee Valley 
Authority, which adopted the State-wide plane co-ordinate systems soon 
after their publication, is gratifying. Until that time, all routine reservoir 
surveys were computed on local plane co-ordinate bases. All valley-wide 
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— projects (usually extending over parts of seven States), such as basic 


cS planimetric maps, topographic maps, and regional maps, were plotted on the 


_ geographic co-ordinate base. Extensive mapping projects similar to these 


latter are still plotted on the geographic co-ordinate system, with the prin- 


cipal control surveys being computed in terms of spherical co-ordinates. 


The traverses serving as detailed control for such maps are computed either 
~ on the State plane system or the spherical system, whichever happens to be 


most convenient. Since such map sheets show the projection lines for both 


- systems, either basis may be used in plotting. 


All reservoir maps and surveys, however, since they extend over smaller 
areas (each reservoir being usually entirely within one State), are now com- 


~ puted on the State plane co-ordinate bases. Such surveys include traverse 


control; large-scale topographic maps of dam sites, camp sites, and town 
sites; cadastral surveys and maps for land acquisition; transit-tape traverse 
of the final reservoir property boundary; ranges for measuring future silt 
deposits; transmission line surveys, and many other types. In the com- 
puting unit, where a large volume of computations are handled, using both 


= geographic and plane systems, there is practically unanimous opinion that 


= © 


the State-wide plane systems fulfill a long-felt need, that they must displace 
local plane co-ordinate systems, and inevitably will be used by practical, 
engineers rather than the more cumbersome and difficult spherical system. 


eee 
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DISGU SS TONS 


PRESSURES BENEATH A SPREAD FOUNDATION 


Discussion 


By Messrs. O. K. FROHLICH, DONALD W. TAYLOR, AND 
JACOB FELD 


Dr. Inc. O. K. Fro6uttcH?® (by letter).2*—The practical significance 
of Part II of Professor Krynine’s valuable paper consists in the emphasis, 
placed upon the influence of the rigidity of structures on the distribution of ~ 
‘soil pressures in the contact surface. Equation (16) represents the result of 
the treatment of the “classical” case of the stress distribution at the base 
of a circular and absolutely rigid disk, with a symmetrical load, placed on 
the horizontal surface of a semi-infinite, elastically isotropic mass. Bous- 
sinesq! has given this result in a very intuitive manner, which, in the writer’s 
opinion, is worth mentioning here for two reasons: First, because it repre- 
sents, for the practical engineer, a mnemo-technical means of reproducing 
Equation (16); and second, because it may be used to compute the stress 
distribution in the two-dimensional case. According to Boussinesq the unit 
stress at the base of the rigid circular disk (of radius, r) at any point, cr, 
of the contact surface is obtained by distributing the total load, P = pr*z, 
equally over a hemisphere (2 r?7), which is assumed to be erected over the 
base circle of the disk, and by taking that part of this load, which is cut from 
the hemisphere by a vertical cylinder, having the unit surface at the given 
point as the base. It is easily seen that, in the center, where c = 0, the 
stress is 0.5 p; at the edge where c = r, it becomes infinitely great and at 
any point, cr, Equation (16) is satisfied. 

In the case of a rigid strip (width, 2 b) of infinite length (the case of plane 
stress), a hemi-cylinder, having a diameter, 2b, must be introduced instead 


of the hemisphere. The total load, P, per unit of length equals 2b p and 


the load per unit of the cylinder surface is then = p. In a manner similar to 


Nore.—The paper by D. P. Krynine, M. Am. Soc. C. E., was published in April, 1937, 
Proceedings. This discussion is printed in Proceedings, in order that the views expressed 
may be brought before all members for further discussion of the paper. 


*° Cons. Engr., The Hague, Holland. 
*°a Received by the Secretary June 1, 1987. 


10“ Application des Potentials & Etude de l’Kaquili ° 
Elastiques ”, Paris, 1885, p. 158. € quilibre et du Movement des Solides 
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the three-dimensional case, the formula for the pressure, pz, at a distance, cb. 
of the axis of the loaded strip, becomes, i 


which is analogous to Equation (16). 

H. Borowicka?* and A. Habel?’ have dealt with the influence of the rigidity 
of foundation slabs and strips on the distribution of the soil pressures in 
: the contact surface. One of the characteristic results of these investigations 
is that, under equally distributed loads of slabs and strips for any degree of 
rigidity, the pressures under the edges are infinitely great, which is a conse- 
quence of the assumption, made in these theoretical computations, that 
Hooke’s law remains valid beyond any limit. In this respect, the practical 
. question arises as to the value that the pressure may attain under the edge 
* of a foundation. 
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An attempt to answer this question of the magnitude of the critical stress 
under the edge of a foundation was presented by the writer in 1934.” All 
the aforementioned theoretical computations of the distribution of the soil 
pressures under loaded plates or strips, having a certain degree of rigidity, 
relate to very simple cases which, in practice, are very seldom encountered. 

To show how the practical problem of determining the influence of the 
rigidity of a given structure on the distribution of the soil pressures may be 
attacked, the following example will be considered: in Fig. 16 the four founda- 
tions, symmetrical about a center line, consist of infinitely long strips, sup- 
porting a rather rigid structure. The loads, Pi, Pe, may be determined as 
usual under the assumptions applying to unyielding foundations. This is a 
problem of pure statics, the solution of which is well known. The assump- 
tion that the structure is infinitely long simplifies the computation inasmuch 


26“ Druckverteilung unter einem gleichmiissig belasteten, elastischen Plattenstreifen, 
welcher auf der Oberfiiche des elastisch-isotropen Halbraumes liegt,’ von H. Borowicka, 
International Assoc. for Bridge and Structural Eng., Second Congress, Final Rept., 1937. 

“Die auf dem elastisch-isotropen Halbraum aufruhende, zentral symmetrisch be- 
lastete elastische Kreisplatte,’’ von A. Habel, Der Bauingenieur, 1937, H. 15-16. 


28 “ Druckyerteilung im Baugrunde,” Hquation (5), p. 84. 


as it reduces the three-dimensional, to a plane-stress, problem. The equa- 
tions, given in the paper and in the monograph mentioned?® enables the de- 
signer to determine the settlements, z: and z, if the concentration factor and 
the compressibility of the soil are known. ; 

As the originally straight surface line, ab, of the soil changes into the 
curve, a’ b’, it is evident that the distribution of the total load, 2P, which 
originally was Pi-P2-P»:-P;, is changed by the interaction of structure and 
underground. How the supplementary system of forces, Z(AP) = 0, acts 
on the structure and on the ground, is shown in Fig. 16. The unknown value 
of AP must satisfy the condition that the deformation of the structure be- 
comes identical with the deformation of the surface line of the soil. Es- 
pecially, if the structure is absolutely rigid, the supplementary system of 
forces, S(AP) = 0, must flatten the curve, a’ b’, into a horizontal straight 
line, a’ b” (dotted in Fig. 16). As the settlements, due to the action of the 
supplementary forces, vary directly with AP, the numerical work involved 
is not so tedious as one would suppose at first glance. The last step of this 
procedure is to compute the so-called secondary stresses in the structure, 
caused by the four supplementary forces, AP, which is again a problem of 
pure statics. 


Donatp W. Taytor,?? Assoo. M. Am. Soo. C. E. (by letter).2°*—The 
author is to be commended for advancing the question of stress distri- 
bution under rigid footings and rigid mat foundations, and for emphasizing 
the fact that the common practice of assuming uniform distribution of 
pressure is not logical and may be unsafe in some cases. Most engineers 
will agree with his recommendation that extensive use should be made of 
pressure-measuring cells under new structures to furnish data on actual 
distributions. 

Professor Krynine has made free use of the concentration factor, a 
parameter which should be adopted only when the extent to which it is 


applicable is held clearly in mind. The same point may be said to apply 


to Dr. Fréhlich’s work? which, however, contains many valuable concep- 
tions for a student of this subject. Fréhlich has shown that under the 
edges of a rigid footing on the surface of a sand deposit a condition of 
plastic flow must exist for which the concentration factor will have a 
maximum value of perhaps 6 or 8. Under the footing, progressing from 
the edge to the center, this factor will decrease from point to point and 
also it will decrease with increasing depth. Thus, the concentration factor 
at different points for the given case may vary as much as from 8 to 4 
and with this in mind it may be seen that diagrams such as Fig. 9 may 
be very misleading. 

The author makes the statement that consolidation of deeper strata has 
no effect on the interaction between a structure and the earth mass on 


which it rests; that the entire system may be assumed to settle uniformly. 
2? Research Associate, Soil Mechanics, Dept. of Civ. and San. Eng., Mass. Inst. Tech., 
Cambridge, Mass. 
79a Received by the Secretary June 9, 1937. 
5“ Druckverteilung im Baugrunde,” 1934. 
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' This can no more be possible than that the middle support of a rigid 
continuous beam can settle without increasing the load which the outer 
supports must carry. In Fig. 17(a) consider the loaded area to be the 
surface of a sand deposit where there is a complete lack of rigidity, and 
for simplicity let it be loaded uniformly and let the load be applied in- 
stantaneously. Before the underlying layer has had time to compress 


() 


Fie. 17. 


appreciably the settlement, which will occur entirely within the sand, will 
be as shown; and the stress thrown to the buried layer, according to the 
usual conceptions of spreading out of stress, will be as indicated. From 
' this distribution of pressure on the buried layer, it is evident that the 
compression in this layer will be greatest at the center. The loaded area 
must undergo a settlement approximately equal to this compression and 
after a period of time will have settled about as shown in Fig. 17 (b). 
Since the surface stress distribution does not change, the stress at the com- 
pressible layer is probably not radically altered. For comparison, in Fig. 
17(c), let the footing be rigid. When suddenly loaded the stress distribution 
under it and the stress transmitted to the clay will be as shown. It is 
evident that in this case there is a tendency toward greater settlements at 
the center of the loaded area, and yet the rigid footing requires that the 
settlement must be uniform. The only possible result is that as settlement 
proceeds there must be a_readjustment of the two stress distributions of 
Fig. 17(c), since the stress distribution at the compressible layer is caused 
by the stress at the loaded area and also must be such as to give uniform 
settlement. Fig. 17(d) is a rough indication of probable distribution for 
the rigid footing after a period of time. 


Jacos Fup, M. Am. Soc. C. E. (by letter).2°°—Because of the clarity 
of exposition as well as the completeness of the paper, the author’s contri- 
bution to the study of soil mechanics is one of outstanding merit. The limita- 
tions of the results are carefully stated and no universal solution of a very 
important problem is claimed. 

The broad application for Equations (1) and (6) is possibly open to criti- 
cism. The derivation of Equation (1) is based on a summation of stresses 
resulting from strains. As long as the summation of strains resulting from 
stresses does not exceed that at the elastic limit of the isotropic mass, methods 
of superposition are permissible. Conclusions 1 to 5 are worth careful study 


and attention. 


30 Cons. Engr., New York, iN By NG 
30a Received by the Secretary July 27, 1937. 
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It might be proper to point out that the stresses, s, are acting in the direc- 
tion of the radius vector, joining the point of loading with the point at which 
the stress is being determined; also, that the graphical method described 
gives the stress at any one chosen point in the earth mass and must be re- 
peated for each point at which knowledge of the stress is desired. 

As a practical problem, the vertical intensity of loading is required. A 
continuation of the basic formulas of the paper, as is done later for the ex- 
planation-of the graphical method gives: The vertical unit stress at any point 
in an earth mass due to a point load, P, at the surface is, 


The vertical unit stress at any point in an earth mass due to a uniform linear 
load, p, at the surface is, 


Equations (32) and (33) are derived from Equations (1) and (6) of the 
paper. For various values of n and a, tables based on the values for m listed 
in Table 1, can be prepared for ready use, as shown in Table 2. By the use 


s n Ny 
TABLE 2.—VaLuEs OF =— cos”*® a@ AND as cos"+! a. - 


Qa 
(a) VALUES FoR EQuatTIoNn (32) (b) VALUES FOR EQuatTIoN (33) 
n a=0 ao 15 se a= 45° a=0 a= 15° a= 30° a= 45° 
3 0.477 0.401 0.232 0.085 0.637 0.545 0.359 0.160 
4 0.637 0.517 0.269 0.080 0.751 0.632 0.366 0.133 
5 0.796 0.625 0.292 0.070 0.850 0.690 0.358 0.106 
6 0.955 0.723 0.303 0.060 0.939 0.735 0.343 0.083 
7 1.114 0.815 0.306 0.049 1.019 0.771 0.323 0.064 
8 1.27 0.897 0.301 0.039 1.090 0.797 0.299 0.048 


of Table 2, upon an assumed value of n, and with a given loading, stress 
conditions at various depths along radial lines 15° apart can be computed 
and stress intensity contours plotted. 

Except in unusual cases, or at shallow depths, there is seldom any neces- 
sity to go into great details such as are outlined in the example illustrated 
by Fig. 6. Taking the data of that example, a very rapid approximate com- 
putation, using a slide-rule only, can be made as follows: Divide the area 
into three areas by the horizontal and vertical lines through Point X, and 
locate the center of gravity of each area: 


A; = 79 X 60; the center of gravity is 39.5 right and 30.0 up; a is 


39.5? + 30.0? 
tan“! staan = 26° 20’; and, A; cos'a = 2 740. 


A, = 55.25 X 60; the center of gravity is 27.63 left and 29.0 down; ais 
_, . [27.63? + 29.0? 
tan N os = 21° 50’; and, A. cos'a = 2 280. 
A; = 65.75 X 60; the center of gravity is 32.96 left and 31.0 down; a is 


_, . [32.967 + 31.02 
tan“ ——Fo0? = -24° 20’; and, As cos’ a = 2 480. 
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(The foregoing values are obtained from the correct location of the centers 


of gravity of the two trapezoids. It is close enough even to assume the centers 


_ 30 ft up and 30 ft down from the axis.) 
é The summation of A cos® a is 7 500, and the vertical unit pressure 100 ft 
— below Point X is 0.89 ton per sq ft. This may seem to be in considerable 


~ error, the author’s value being 0.78, but at a depth of 100 ft, the weight of 


the soil is approximately 5 tons per sq ft, and the totals are, therefore, prac- 


tically identical: Much closer approximations, of course, can be determined 


by further subdivision of the loaded area. 
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SOIL REACTIONS IN RELATION TO 
FOUNDATIONS ON PILES 


Discussion 


By Messrs. HIBBERT M. HILL, AND GEORGE P. STOWITTS 


Hissert M. Hitz,? Assoc. M. Am. Soo. OC. E. (by letter).22—A very in- 
teresting series of examples is presented in this paper and the author’s 
deductions from his study of them are exceptionally clear cut. After read- 
ing the paper, however, the writer has an impression that Mr. Miller makes 
it appear that more weight can be given to pile-driving and loading tests 
than is actually the case. Such tests are of value for specific purposes (as, 
for example, to determine whether a pile will develop frictional resistance 
sufficient to transfer its load to the surrounding soil, or, in the case of 
piles reaching a hard stratum through soft material, to test the strength of 
the piles as columns), but in the usual case it is impossible to test load 
an area comparable in size to the foundation. Therefore, in the usual case, 
the results of test loadings, in plastic materials especially, cannot be relied 
upon to indicate directly the settlements to be expected in the finished 
structure.* 

The author places great emphasis, and rightly, on a thorough explora- 
tion of the underground by borings. It is not a flattering commentary on 
the state of the art that this point requires emphasis. The writer has had 
experience involving the design and construction of eight locks and dams 
on the Upper Mississippi River. These structures were founded on piles 
in undergrounds containing sand, silt, and clay, complicated in some cases 
by rock at depths of about 15 ft. Borings by various methods, driven test 
piles, and loaded piles were used to explore these foundations. The period 
of construction of the project as a whole was of sufficient length to provide 
settlement data for comparison with the test results from some of the 
structures before the final structure was completed. At the termination 

Notre.—The paper by R. M. Miller, M. Am. Soc. C. E., was published in June, 1937, 


Proceedings. This discussion is printed in Proceedings, in order that the views expressed 
may be brought before all members for further discussion of the paper. 
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of this experience, the writer summarized in his notebook what he had 


: learned about foundations. The red letter entry in this notebook is: 


“By far the most important foundation information is a thorough 
knowledge of the material in the underground to a depth of about twice 


the width of the foundation; to greater depths if soft beds might exist at 


- those depths. For all explorations use a method which will obtain a whole 
sample of the material, from ground surface to bottom of boring, and 
- where compressible materials are encountered, obtain undisturbed samples 
_ for laboratory shear and consolidation tests.” 


An expert, it is true, can forecast future behavior quite accurately by 
inspection of undisturbed samples, but the expert will reserve his opinion 


a until he has the laboratory results before him. Only the inexpert are 


courageous enough to proceed, where compressible materials are involved, 
on the basis of inspection of ordinary boring samples. 


Grorce P. Srowirts,> M. Am. Soo. C. E. (by letter).°*—This discussion 


of the behavior of pile foundations in mixed soils, with its wealth of ex- 
ample and data, seems to the writer to make for clarification of certain 


basic considerations in the design of pile foundations. 
In mixed soils, piles must still be primarily point bearing or primarily 


friction bearing. Where there is within reach an underlying stratum of 
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sufficient bearing capacity, the nature of the superimposed strata becomes 
relatively unimportant, and the case may be considered as point bearing; 
it becomes entirely proper to resort to a spacing as close as driving condi- 
tions permit. It is then important that the piles be of as nearly a uniform 
eross-section as possible. Where there is no such underlying stratum 
within reach, which will carry the load of a normal footing within its own 
area, the piles must be considered as friction piles. A friction pile is one 
which depends on the cone of pressure to reduce the unit load at and below 
its point to a value capable of being supported by the available strata. If 
these cones of pressure intersect and overlap too much there is a waste 
corresponding to the overlap. Thus, in the case of friction piles, the spac- 
ing is the controlling factor. 

Although the spacing called for by the Whangpoo formula (see heading 
“Spacing for Friction Piles ” in the paper) is extreme, none the less it is 
based on sound logic. Spacings of 2.5 ft or 3.0 ft, perfectly correct with 
point-bearing piles, must usually be very wasteful when used with friction 
piles; 3.5 ft to 5.0 ft would represent the most usual practical answer. 
This will usually call for a larger foundation area; but not always, as the 
unit value of the piles will be higher and more uniform. 

Tt seems to the writer that Mr. Miller has drawn the wrong conclusion 
from the dish-shaped settlement (see “ Spacing for Friction Piles”). These 
necessarily reflect an overloading of the underlying substratum ; and, con- 
sequently, are more affected by the size of the foundation than by the exact 
number of piles. The interior piles may well be given a fairly generous 
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spacing; crowding in more piles will have no effect one way or the other. 
Close spacing in the outer ring will often have the further effect of estab- 
lishing a cleavage plane, so that it becomes dificult to get the full value of 
the supporting soil outside the pile cluster. Where one of these settlements 
has occurred it can be ascribed more often to the foundation being too small 
rather than to its having too few piles. 

Where thére are many piles under a footing, much can be done to make 
their value high and uniform by beginning to drive in the center and 
working out toward the edge. This throws the heaving and compacting 
outward where one will be relatively harmless, the other helpful. Starting 
at the edge makes the piles more and more difficult to drive, needlessly in- 
creases the trouble with heaving, and decreases the capacity of the piles. 

All the foregoing comment involves essentially, a friction-pile problem; 
such phenomena can scarcely happen where the piles are entirely end bearing. 
It may be worth noting in this connection that tapered piles, regardless of 
their material, are at their best as friction piles. In an end-bearing pile, 
the useful column material (for load carrying as distinguished from driv- 
ing) cannot be much more than double the lower half. In heaving ground 
it is important that the pile, as driven, have abundant tensile strength; that 
is to say, that cast-in-place concrete (one of the best possible materials in 
compressible soils) is out of place in an incompressible soil. 

Much can be done to control heaving by the sequence of the pile-driving. 
Often there is one side of a foundation where heaving will be relatively 
harmless. By starting the driving on the side with the greatest resistance 
(the one against the bank, if there is one), and progressing back and forth 
over the long rows, the heaving can be mostly thrown away from the driy- 
ing to where it will make the minimum of trouble. This takes more crib- 
bing, and more moving of the driver, but will often save several times this 
extra cost. 

Loss of bearing capacity after driving often occurs, but so does gain. 
Along the New Jersey shore, opposite about 50th and 65th Streets in New 
York City, there is a peat deposit as deep in places as 210 ft; 85-ft wooden 
pier piles driven with a 8 900-lb drop hammer must be watched closely lest 
they go below the cut-off. They will often be going down 3.5 in. at the 
last blow with a 10-ft drop; but the next day these same piles can scarcely 
be started with the same hammer. These piles are loaded successfully to 
15 tons, despite the alarmingly small value given by the Engineering News 
formula. It has seemed to the writer that the nearer one comes to a pure 
friction pile, the less reliable are the results given by this formula. 
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